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/Abstract
Certain technologically advanced coating systems for defence use require organic binders 
with elevated infrared (IR) transparency. This thesis comprises the first phase of a study to 
try and produce materials which meet these requirements. A materials evaluation 
programme was completed using preordained selection criteria. An in-depth study was 
made of one family of the shortlisted candidate materials: linear poly(methoxy-cyanurate)s.
These thermally stable polymers were prepared by phase transfer polymerisation of 
dichlorotriazines with aromatic bisphenols. The samples were analysed by differential 
scanning calorimetry, thermogravimetric analysis, elemental analysis and nuclear magnetic 
resonance spectroscopy. The transparency of the materials was determined using a 
hemispherical directional reflectometer. At thicknesses of 50 pm, the spectral emissivity of 
the linear poly(methoxy-cyanurate)s was of the order of 0.25 between 3 and 5 pm and 
0.65 between 8 and 12 pm. The linear poly(methoxy-cyanurate)s typically underwent 
major decomposition at temperatures greater than 300 °C in nitrogen and air. These new 
materials are more transparent and thermally stable than the poly(urethane) binders 
currently used in many defence coatings. However, spectral data and model compound 
studies suggest that poly(methoxy-cyanurate)s isomerise at temperatures above 200 °C. 
This is contrary to the hypotheses of other workers in the field.
Computer simulation methods, evaluated in the course of the study, were used as an aid to 
assignment of IR spectra and to investigate strategies for improving upon the IR 
transparency of the poly(methoxy-cyanurate)s between 8 and 12 pm. Novel linear 
poly(methoxy-thiocyanurate)s and terpoly(methoxy-cyanurate-thiocyanurate)s were 
prepared to try and improve upon the thermochemical stability and spectral transparency 
of the simple cyanurate polymers. These materials were characterised using the methods 
listed above. All steps which were taken to tiy and improve the spectral transparency of 
the polymers between 8 and 12 pm failed due to problems with overlapping bands.
In light of the project findings, certain material selection criteria have been modified. 
Suggestions for future research based on these new guidelines are made at the end of the 
thesis.
TABLE OF CONTENTS
CHAPTER 2. Analytical Methods...............................................................................23
CHAPTER 3. Computer-Aided Predication of Infrared Spectra................................57
CHAPTER 4. Initial Studies of Linear, Aromatic Poly(cyanurate)s ...............86
CHAPTER 5. Improving Upon the Properties of Linear Poly(cyanurate)s.............. 124
CHAPTER 6. Linear, Halogenated, Aromatic Poly(methoxy-cyanurate)s............... 154
CHAPTER 7. Synthesis and Characterisation of Terpoly(methoxy-cyanurate)s......171
CHAPTER 8. Synthesis and Characterisation of Poly(methoxy-thiocyanurate)s.... 193
CHAPTER 9. Synthesis and Characterisation of Terpoly(methoxy-cyanurate-
thiocyanurate)s.................................................................................. 227
CHAPTER 10. Discussion..................................................................................   245
CHAPTER 11 References.....................................................................  266
Acknowledgments.............................................................................273
Appendix
CHAPTER 1. Background  ....................................................................................... 1
LIST OF ILLUSTRATIONS
Figure 1.1 Atmospheric infrared spectrum showing detection windows at 3-5 and 8-12 pm 5
Figure 1.2 Blackbody emission at temperatures ranging from 400 °C to ambient.......................7
Figure 1.3 Reflection and scattering processes in a paint film.................................................... 10
Figure 2.1 Schematic of Fourier transform IR (FTIR) spectrometer based on a Michelson
interferometer............................................................................................................... 26
Figure 2.2 Schematic representation of diffuse reflectance Fourier transform IR
spectroscopy (DRIFTS).............................................................................................. 28
Figure 2.3 IR spectra of SEBS Elastomer, LDPE, Crosslinked cyanurate film and
conventional polyurethane binder (thicknesses vary)................................................32
Figure 2.4 SOC-100 Hemispherical directional reflectometer
(manufactured by Surface Optics Corp.)...................................................................34
Figure 2.5 Side view schematic of SOC-100 hemispherical directional reflectometer70............35
Figure 2.6 Shimadzu TGA-50 Thermogravimetric Analyser..................................................... 42
Figure 2.7 Schematic of heat-flux differential scanning calorimeter.......................................... 46
Figure 2.8 Thermal events as determined by DSC....................................................................... 48
Figure 2.9 DSC curves of test materials...................................................................................... 49
Figure 3.1 Hypothetical diatomic molecule..................................................................................60
Figure 3.2 Origin of normal modes for a non-linear molecule comprising of 5 atoms...............62
Figure 3.3 Lennard-Jones 12-6 non-bonded interaction potential function................................ 75
Figure 4.1 Cyanuric chloride as the acid chloride of cyanuric acid.............................................87
Figure 4.2 Nucleophillic substitution of cyanuric chloride and chlorotriazines.........................88
Figure 4.3 Isomerisation of trimethyl cyanurate to trimethylisocyanurate..................................88
Figure 4.4 Formation of linear triazinyl polyethers by interfacial polymerisation.................... 90
Figure 4.5 Phase-transfer copolymerisation of dichlorotriazines with bisphenols in presence
of base...........................................................................................................................90
Figure 4.6 Formation of 2:1 PTC-bisphenoxide adduct.............................................................. 91
Figure 4.7 Chain initiation by reaction of 2:1 adduct with dichlorotriazine............................... 91
Figure 4.8 Sequential reaction of 2:1 PTC/bisphenoxide adduct and dichlorotriazine
resulting in terminal chain growth..............................................................................92
Figure 4.9 Chain addition process................................................................................................ 92
Figure 4.10 Termination processes which limit the molecular weight of linear triazinyl
ethers..............................................................................  93
Figure 4.11 Formation of poly(methoxy-cyanurate) of bisphenol-C.......................................... 94
Figure 4.12 Commercial bisphenols used in this initial study and their corresponding
copolymers................................................................................................................. 102
Figure 4.13 IR Spectra of linear triazinyl polyethers (3-5 pm )................................................ 104
Figure 4.14 IR Spectra of linear triazinyl polyethers (6 -16 pm).....................................   104
iv
Figure 4.15 Hemispherical directional transmittance and reflectance spectra of
DPEMC film 18 pm thick cast from 10% (wt.) solution in dichloromethane........107
Figure 4.16 Schematic of DPEMC for NMR assignment......................................................... 108
Figure 4.17 Schematic of BPMC Polymer for NMR assignment.............................................109
Figure 4.18 Schematic of TDPMC for NMR assignment......................................................... 109
Figure 4.19 Repeat unit of BPAMC copolymer.........................................................................110
Figure 4.20 NMR's of copoly(methoxy-cyanurate)s of commercial bisphenols..................110
Figure 4.21 Molecular weight distributions of copoly(methoxy-cyanurate)s as
determined by GPC.................................................................................................... I l l
Figure 4.22 TGA curves for copoly(methoxy-cyanurate)s under nitrogen
(heating rate 20 K.min'1, flowrate 50 cmrimin'1) .....................................................113
Figure 4.23 Thermal events observed for linear triazinyl polyethers in first heating run.........116
Figure 4.24 DSC heating curves of linear triazinyl polyethers from first heating cycle..........117
Figure 4.25 DSC thermograms of second heating cycle to determine Tg of Linear triazinyl
polyethers......................   117
Figure 4.26 Arrhenius plots for exotherms observed in DSC analyses of
copoly(methoxy cyanurate)s of commercial aromatic bisphenols...........................120
Figure 5.1 Model compounds to investigate the vibrational behaviour of crosslinked
cyanurate materials and DPEMC............................................................................. 127
Figure 5.2 IR Spectrum of triphenoxy-s-triazine by DRIFTS.................................................. 129
Figure 5.3 Major noimal modes of vibration for triphenoxy-s-triazine between
7 and 12 pm calculated using MOPAC-PM3......................................................... 131
Figure 5.4 IR spectrum of diphenoxy-methoxy-s-triazine by DRIFTS.................................... 132
Figure 5.5 Major normal modes of diphenoxy-methoxy-s-triazine between
7 and 12 pm calculated using MOPAC-PM3......................................................... 135
Figure 5.6 IR spectrum oftriphenylthio-s-triazine from KBr disc............................................ 136
Figure 5.7 Major normal modes of vibration of diphenylthio-methoxy-s-triazine
calculated using PM3................................................................................................. 139
Figure 5.8 Backbone torsions of bisphenol repeat units used for conformational grid
searches.......................................................................................................................142
Figure 5.9 Conformational energy plot for diphenyl ether......................................................... 143
Figure 5.10 Conformational energy plot for diphenyl sulfide....................................................143
Figure 5.11 Conformational energy plot for 2,2-diphenyl propane...........................................144
Figure 5.12 Conformational energy plot for benzophenone.......................................................144
Figure 5.13 Torsions used in grid searches for diphenoxy-methoxy-s-triazine and
diphenylthio-metboxy-s-triazine............................................................................... 146
Figure 5.14 Conformational plot for diphenoxy-methoxy-s-triazine using UFF...................... 148
Figure 5.15 Conformational plot for diphenylthio-methoxy-s-triazine using UFF..................148
Figure 5.16 DSC of triphenoxy-s-triazine and diphenoxy-methoxy-s-triazine under
nitrogen (heating rate 10 K.min'1, flowrate 30 cm3.min*1) ...................................... 150
Figure 5.17 DSC curves for samples o f DPEMC of different molecular weights....................151
Figure 5.18 DSC curves of annealed DPEMC samples heated at 10 K.min'1 under nitrogen. 152
Figure 5.19 Isomerisation of butoxy-cyanurate polymers according to Sundquvist et a l.  153
Figure 6.1 Halogenated copoly(methoxy-cyanurate)s of bisphenol-A.......................................157
Figure 6.2 Terpoly(methoxy-cyanurate)s of bisphenol-A and tetrachlorobisphenol-A 158
Figure 6.3 Overlaid IR Spectra of BPAMC and CUBPAMC....................................................160
Figure 6.4 IR Spectra of Chlorinated bisphenol-A methoxy cyanurates between
2.5 and 5 pm ..............................................................................................................162
Figure 6.5 IR spectra of chlorinated bisphenol-A methoxy-cyanurates between
5 and 15 pm...............................................................................................................163
Figure 6.6 TGA curves for halogenated poly(methoxy-cyanurate)s of bisphenol-A............... 163
Figure 6.7 DSC Curves of halogenated poIy(methoxy-cyanurate)s of bisphenol-A on
heating from ambient to 300 °C ............................................................................... 166
Figure 6.8 Glass transitions temperatures of halogenated poly(methoxy-cyanurate)s of
bisphenol-A after heating to 300 °C measured by DSC..........................................166
Figure 6.9 Arihenius plots of data from DSC analyses of chlorinated
copoly(methoxy-cyanurate)s of bisphenol-A........................................................... 168
Figure 7.1 Structure of terpoly(methoxy-cyanurate)s described in this chapter....................... 173
Figure 7.2 Molecular mass distributions for series B terpoly(methoxy-cyanurate)s............... 174
Figure 7.3 Molecular mass distributions of series C terpoly(methoxy-cyanurate)s.................175
Figure 7.4 TGA curves forterpoly(methoxy cyanurate)s of DHPE and BPA under
nitrogen.......................................................................................................................176
Figure 7.5 TGA curves of terpoly(methoxy-cyanurate)s of DHPE and DHBP under
nitrogen.......................................................................................................................177
Figure 7.6 DSC curves of terpoly(methoxy-cyanurate)s of DHPE and BPA
heated to 300 °C under nitrogen............................................................................... 178
Figure 7.7 Glass transitions of terpoly(methoxy-cyanurate)s of DHPE and BPA
heated to 300 °C under nitrogen............................................................................... 179
Figure 7.8 DSC curves for terpoly(methoxy-cyanurate)s of DHPE and DHBP on heating
to 300 °C under nitrogen........................................................................................... 180
Figure 7.9 Glass transitions ofterpoly(methoxy-cyanurate)s of DHPE and DHBP
after heating to 300 °C determined by DSC under nitrogen.................................. 180
Figure 7.10 Arrhenius plots for DSC analyses of terpoly(methoxy-cyanurate)s of
DHPE and BPA......................................................................................................... 183
Figure 7.11 Arrhenius plots for DSC analyses of terpoly(methoxy-cyanurate)s of
DHPE and DHBP...................................................................................................... 184
Figure 7.12 HDT and HDR spectra of terpoly(methoxy-cyanurate) of
DHPE and DHBP (C2)............................................................................................. 187
Figure 7.13 1H NMR of Cl, C2, DPEMC and BPMC between 4.5 and 0 ppm in CDC13......189
Figure 7.14 1H NMR spectra of Cl, C2, DPEMC and BPMC between 8.2 and 6.2 ppm.....190
vi
Figure 8.1 Copolymerisation of methoxy-dichlorotriazines with aromatic bisthiophenols
to yield copoly(2-substituted-thiocyanurate)s......................................................... 195
Figure 8.2 Target monomers for the formation of poly(methoxy-thiocyanurate)s...................196
Figure 8.3 2-stage formation of dithio-diphenyl ether (DTPE) via  reduction of
bis(chlorosulphonyl) diphenyl ether.......................................................................... 197
Figure 8.4 Conversion of phenols to thiophenols via a thiocarbamate intermediate................ 200
Figure 8.5 Diphenyl ether bis(thiocarbamate)............................................................................202
Figure 8.6 S-aryl bisthiocarbamate of diphenyl ether from rearrangement of its
O-aryl isomer..............................................................................................................203
Figure 8.7 Structures of the linear aromatic po!y(thiocyanurate)s studied in this chapter 205
Figure 8.8 Molecular mass distributions for copoly(methoxy-thiocyanurate)s
DPEMTC and DPSMTC..........................................................................................207
Figure 8.9 Dynamic thermogravimetric analysis of poly(methoxy-thiocyanurate)s
in nitrogen................................................................................................................. 208
Figure 8.10 Weight loss of DPEMTC under nitrogen heating at 20 K.min'1 to 1000 °C  209
Figure 8.11 Isothermal TGA curves for DPEMTC in nitrogen and air.................................... 210
Figure 8.12 DSC curves for poly(methoxy-thiocyanurate) s upon initial heating to 300 °C
under nitrogen............................................................................................................212
Figure 8.13 DSC traces of polyfmethoxy-thiocyanurates) in vicinity of the glass transition
temperatures after heating to 300 °C under nitrogen..............................................212
Figure 8.14 Arrhenius plots from DSC analysis of copoly(methoxy-thiocyanurate)s.............214
Figure 8.15 Arrhenius plots from DSC analysis ofterpoly(methoxy-thiocyanurate)s of
DTPE and DTPS....................................................................................................... 215
Figure 8.16 Comparison of DPEMTC before and after to heating to 300 °C in air................ 218
Figure 8.17 Comparison of the IR spectra of DPEMC, DPEMTC and DPSMTC................. 219
Figure 8.18 Repeat unit of copoly(diphenyl ether-methoxy-thiocyanurate) (DPEMTC)........ 220
Figure 8.19 Repeat unit of copoly(diphenyl sulphide-methoxy-thiocyanurate) (DPSMTC)... 221
Figure 8.20 NMR (aromatic region) of poly(methoxy-thiocyanurate)s in CDC13 ..............222
Figure 8.21 13C NMR of poly(methoxy-thiocyanurate)s in CDC13 ...........................................222
Figure 9.1 Structure of terpoly(methoxy-cyanurate /  thiocyanurate)s...................................... 228
Figure 9.2 Molecular weight distributions for terpoly(methoxy-cyanurate-thiocyanurate)s
of TDP and DTPS as determined by GPC in DMAc at 60 °C............................. 230
Figure 9.3 Molecular weight distributions for terpoly(methoxy-cyanurate-thiocyanurate)s
of DHPE and DTPE determined by GPC in DMAc at 60 °C ...............................230
Figure 9.4 TGA analysis of series D terpoly(methoxy-cyanurate-thiocyanurate)s
under nitrogen................   232
Figure 9.5 TGA analysis of series E teipoly(methoxy-cyanurate -thiocyanurate)s
under nitrogen............................................................................................................233
Figure 9.6 DSC analysis of series D teipoly(methoxy-cyanurate-thiocyanurate)s
under nitrogen - first heating cycle to 300 °C..................   235
Vll
Figure 9.7 DSC analysis of series E teipoly(methoxy-cyanurate-thiocyanurate)s
under nitrogen - first heating cycle to 300 °C.........................................................235
Figure 9.8 Glass transitions of series D terpoly(methoxy-cyanurate-thiocyanurate)s after
heating to 300 °C by D SC ....................................................................................... 236
Figure 9.9 Glass transitions of series E terpoly(methoxy-cyanurate -thiocyanurate)s after
heating to 300 °C by D SC ...................................................................................... 236
Figure 9.10 HDT spectra for two polymers from series D ........................................................238
Figure 9.11 HDT spectra of two polymers form series E..........................................................238
Figure 9.12 Structural units present in teipoly(methoxy-cyanurate-thiocyanurate)s
D l and E l .................................................................................................................. 241
Figure 9.13 *H NMR peaks for the methoxy-protons in
terpoly(methoxy-cyanurate-thiocyanurate) E l ...................................................... 243
Figure 10.1 Poly(hexamethylene-methoxy-cyanurate) oil obtained by
PT-polymerisation of hexane-1,6,-diol and MDCT 12hrs at 25 °C........................257
Figure 10.2 Possible route to crosslinked elastomeric of or olefinic LO binders..................... 264
Figure A l.l Dipole power spectra from MD analysis of benzene using UFF........................ A16
Figure A1.2 Dipole power spectra of o-dichlorobenzene from MD trajectories
using UFF................................................................................................................. A17
Figure A1.3 Dipole power spectra of w-dichlorobenzene from MD trajectories
using UFF................................................................................................................. A18
Figure A1.4 Dipole power spectra of />-dichlorobenzene from MD trajectories
using UFF................................................................................................................. A19
Figure A1.5 Dipole power spectra o f 1,3,5-trichlorobenzene from MD trajectories
using UFF................................................................................................................. A20
Figure A1.6 Dipole power spectra of 1,2,4,5-tetrachlorobenzene from MD trajectories
using UFF................................................................................................................. A21
Figure A1.7 Dipole power spectra of hexachlorobenzene from MD trajectories
using UFF................................................................................................................. A22
Figure A1.8 Dipole power spectra of s-triazine from MD trajectories using UFF..................A23
LIST OF TABLES
Table 1.1 Summary of IR group frequencies for organic structural units.................................. 18
Table 1.2 Polymers targeted as having potential for elevated IR transparency......................... 19
Table 2.1 HDT and HDR measurements made on polymer films of test materials....................33
Table 2.2 Estimated values for HDT, HDR and HDE normalised to 50 pm thickness............. 39
Table 2.3 Thermal stability of test materials in nitrogen (flowrate 50 cnrJmin’1) ......................44
Table 3.1 Average ratios of experimental frequencies to those calculated using
PM3 normal modes...................................................................................................... 69
Table 3.2 Assignments for power spectra obtained from UFF MD simulation of benzene 80
Table 3.3 Assignments for power spectra obtained from UFF MD simulation of
c>-dichlorobenzene........................................................................................................ 81
Table 3.4 Assignments for power spectra obtained from UFF MD simulation of
m-dichlorobenzene...................................................................................................... 82
Table 3.5 Assignments for power spectra obtained from UFF MD simulation of
p-dichlorobenzene........................................................................................................ 82
Table 4.1 Linear triazinyl polyethers synthesised from commercial bisphenols and
2-substituted-4,6-dichloro-s-triazines.......................................................................103
Table 4.2 IR peak assignments for linear triazinyl polyethers..................................................105
Table 4.3 HD Transmittance, reflectance and emissivity of DPEMC normalised to
50 pm thickness using Beer's Law........................................................................... 106
Table 4.4 Molecular weight averages of copoly(methoxy-cyanurate)s o f commercial
bisphenols..................................................................................................................I l l
Table 4.5 Thermal stability of linear triazinyl polyethers in air and nitrogen........................ 114
Table 4.6 Isothermal TGA data for linear triazinyl polyethers in nitrogen and air..................114
Table 4.7 Heating program used for evaluation of the thermal behaviour o f linear triazinyl
polyethers.................................................................................................................... 115
Table 4.8 Thermal events for linear triazinyl polyethers as determined by DSC..................... 116
Table 4.9 Kinetic parameters for exotherm observed in DSC analysis o f linear triazinyl
polyethers....................................................................................................................120
Table 5.1 Normal modes analysis of triphenoxy-s-triazine using PM3.....................................130
Table 5.2 Normal modes analysis of diphenoxy-methoxy-i'-triazine using PM3..................... 134
Table 5.3 Normal modes of vibrations for diphenylthio-methoxy-5-triazine using PM3......... 138
Table 5.4 Depths of potential wells from conformational grid searches o f bisphenol
backbones....................................................................................................................145
Table 5.5 Potential barriers to rotation for model cyanurate and thiocyanurate system.......... 147
Table 6.1 Linear triazinyl polymers synthesised from tetrahalogenated bisphenol-A,
bisphenol-A and Methoxy-dichloro-triazine (MDCT).............................................158
Table 6.2 Molecular weight distributions for chlorinated poly(methoxy-cyanurate)s of
bisphenol-A.................................................................................................................159
i x
Table 6.3 TGA Analysis of halogenated poly(methoxy-cyanurate)s of bisphenol-A.............. 164
Table 6.4 Thermal events during DSC analysis for halogenated poly(methoxy-cyanurate)s
of bisphenol-A............................................................................................................ 165
Table 6.5 Arrhenius parameters from kinetic analysis of DSC data for chlorinated
copoly(methoxy cyanurate)s of BP A ....................................................................... 165
Table 6.6 Elemental (CHN) analysis of halogenated copoly(methoxy-cyanurate)s of
bisphenol-A................................................................................................................ 169
Table 7.1 Aromatic terpoly(methoxy-cyanurate)s prepared by phase transfer
polymerisation............................................................................................................ 173
Table 7.2 Molecular-weight averages forterpoly(methoxy-cyanurate)s of DHPE, BPA
and DHBP measured by GPC.................................................................................. 174
Table 7.3 TGA analysis of aromatic terpoly(methoxy-cyanurate)s under nitrogen.................177
Table 7.4 Thermal events observed during analysis of terpoly(methoxy-cyanurate)s
by DSC....................................................................................................................... 181
Table 7.5 Arrhenius parameters obtained from kinetic analysis DSC curves for
terpoly(methoxy-cyanurate)s o f DHPE and BPA....................................................185
Table 7.6 IR absorptions of sample C2 and 298K determined by HDR/HDT
(normalised to 50 |im thickness using Beer’s Law)................................................ 187
Table 7.7 Elemental analyses for teipoly(methoxy-cyanurate)s of DHPE and BPA
(Series B )....................................................................................................................188
Table 7.8 Elemental analyses for teipoly(methoxy-cyanurate)s of DHPE and DHBP
(series C)..................................................................................................................... 188
Table 8.1 Aromatic poly(thiocyanurate)s synthesised from DTPE, DTPS and MDCT..........204
Table 8.2 Molecular mass averages of copoly(methoxy-thiocyanurate)s DPEMTC and
DPSMTC................................................................................................................... 206
Table 8.3 Dynamic TGA Analysis of poly(methoxy-thiocyanurate)s under nitrogen.............208
Table 8.4 Isothermal TGA data for DPEMTC in nitrogen and air........................................... 210
Table 8.5 Thermal events for poly(methoxy-thiocyanurate)s from DSC analyses.................. 211
Table 8.6 Arrhenius parameters from DSC analysis of poly(methoxy-thiocyanurate)s..........214
Table 8.7 Hemispherical directional transmittance (HDT) and hemispherical directional
reflectance (HDR) for poly(methoxy-thiocyanurate)s.............................................218
Table 8.8 Elemental analyses for poly(methoxy-thiocyanurate)s..............................................223
Table 9.1 Terpoly(methoxy-cyanurate/methoxy-thiocyanurate)s..............................................229
Table 9.2 Molecular mass averages of terpoly(methoxy-cyanurates -thiocyanurate)s
determined by gel-permeation chromatography.......................................................229
Table 9.3 Thermogravimetric analysis of terpoly(methoxy-cyanurate-thiocyanurate)s
under nitrogen.............................................................................................................231
Table 9.4 Thermal transitions ofteipoly(methoxy-cyanurate-thiocyanurate)s detected
by DSC.......................................................................................................................234
Table 9.5 Arrhenius parameters from DSC analysis of
terpoly(methoxy-cyanurate-thiocyanurate)s............................................................237
Table 9.6 HDT, HDR and HDE results for series D and E (interpolated to 50 pm ) ............. 239
Table 9.7 Elemental analyses ofteipoly(methoxy-cyanurate-thiocyanurate)s of series D ...... 240
Table 9.8 Elemental analyses of terpoly(methoxy-cyanurate-thiocyanurate)s of series E ...... 240
Table A 1.1 Fundamental normal modes for benzene calculated using PM 3.............................A2
Table A 1.2 Fundamental vibrational modes of s-triazine calculated using PM3...................... A2
Table Al .3 Fundamental vibrational modes calculated for chlorobenzene using PM3............ A2
Table A1.4 Fundamental vibrational modes calculated for o-dichlorobenzene using PM 3..... A4
Table A1.5 Fundamental vibrational modes calculated for /w-dichlorobenzene using PM3 .... A5
Table A1.6 Fundamental vibrational modes calculated for p-dichlorobenzene using PM 3......A6
Table A1.7 Fundamental vibrational modes calculated for 1,2,4-trichlorobenzene
using PM3....................................................................................................................A7
Table A1.8 Fundamental modes calculated for 1,3,5-trichlorobenzene using PM3................... A8
Table A1.9 Fundamental vibrational modes for 1,2,4,5-tetrachlorobenzene calculated
using PM3....................................................................................................................A9
Table A1.10 Fundamental vibrational modes for pentachlorobenzene calculated
using PM3..................................................................................................................A10
Table A l . l l  Fundamental vibrational modes for hexachlorobenzene calculated
using PM3................................................................................................................. Al 1
Table A1.12 Fundamental vibrational modes for diphenyl ether calculated using PM3.........A12
Table A1.13 Fundamental vibrational modes for diphenyl sulphide calculated using PM3 .. A14
ABBREVIATIONS
Abbreviation Meaning / Full Form
ang. angular / angle (of vibrational modes)
BPA bisphenol-A (monomer)
BPAMC poly(bisphenol-A methoxy-cyamirate)
BPMC poly(benzophenone methoxy-cyanurate)
Br4BPA tetrabromo-bisphenol-A (monomer)
CDR Collimated Directional Reflectance / Reflection
CDT Collimated Directional Transmittance / Transmission
CI4BPA Tetrachloro-bisphenol-A (monomer)
CNDO Complete Neglect of Differential Overlap (quantum mechanical theoiy)
DACF Dipole Autocorrelation Function (computational method)
DDR Diffuse Directional Reflectance / Reflection
DDT Diffuse Directional Transmittance / Transmission
def. deformation (of vibrational modes)
DEPT Distortionless Enhancement by Polarisation Transfer
DHBP diliydroxy-benzophenone (monomer)
DHPE dihydroxy-diphenyl ether (monomer)
DPEMC poly(diphenyl ether methoxy-cyanurate)
DPEMTC poly(diphenyl ether methoxy-thiocyanurate)
DPSMTC poly(diphenyl sulphide methoxy-thiocyanurate)
DRIFTS Diffuse Reflectance Fourier Transform Spectroscopy
DSC Differential Scanning Calorimetry
DTPE 4>4’-dithio-diplienyl ether (monomer)
DTPS 4,4’-ditliio-diphenyl sulphide (monomer)
EM Electromagnetic
FFT Fast Fourier Transform
FLIR Forward looking infrared
FTIR Fourier Transform Infrared
GPC Gel Permeation Chromatography / Chromatograph
HDE Hemispherical Directional Emissivity
HDR Hemispherical Directional Reflectance / Reflection / Reflectometer
HDT Hemispherical Directional Transmittance / Transmission
INDO Intermediate Neglect of Differential Overlap (quantum mechanical theory)
ip in-plane (of vibrational modes)
ABBREVIATIONS contd.
Abbreviation Meaning / Full Form
IR Infrared
LDPE Low density poly(ethylene)
LO Low Observable
MD Molecular Dynamics
MDCT methoxy-dichloro-s'-triazine (monomer)
MM Molecular Mechanics
MNDO Modified Neglect of Differential Overlap (quantum mechanical theoiy)
MOD Ministry of Defence
MW Molecular Weight
MWD Molecular weight distribution
NDDO Neglect of Diatomic Differential Overlap (quantum mechanical theory)
NDO Neglect of Differential Overlap (quantum mechanical theory)
NIR Near Infrared
NMR Nuclear Magnetic Resonance
oop out-of-plane (of vibrational modes)
PBPDCT pentabromophenoxy-dichloro-5-triazine (monomer)
PDCT phenoxy-dichloro-s-triazine (monomer)
ppm parts per million
PTC Phase Transfer Catalyst
PU Poly(urethane)
PVR Phase Volume Ratio (org:aqueous)
QEq Charge Equilibration (computational method)
RMS Root Mean Squared
SCF Self Consistent Field (quantum mechanical concept)
SEBS Styrene-Ethylene-Butadiene-Styrene (elastomer)
str. stretch (of vibrational modes)
TDP Thiodiphenol (monomer)
TDPMC poly(thio-diphenyl methoxy-cyanurate)
TGA Thermogravimetric Analysis
tor. torsion / torsional (of vibrational modes)
UFF Universal Force Field
XRPD X-Ray Powder Diffraction
SYMBOLS USED
Symbol Meaning
<f)/ip Any two coupled torsions used in a potential energy grid search
ax Spectral absorptance
Sx Spectral emissivity
Tx Spectral transmittance
px Spectral reflectance
AHP Enthalpy of exotherm
Amac Wavelength of maximinn emission by a blackbody
Mn Number average molar mass
Mp Peak average molar mass
Mw Weight average molar mass
v Wavenumber
cm 1 Reciprocal wavelengths (wavenumbers)
Ea Activation Energy
Mx Spectral radiative exitance
p  Percentage conversion of reactive groups (of condensation polymer)
T’gp Endset of exotherm by baseline tangential method
T’jp Onset of temperature of exotherm by baseline tangential method
Tep Endset of exotherm determined by triangulation of peak
Tg Glass transition temperature
Tsi Glass transition temperature determined by DSC heating at 10 K.min1
Tg2 Glass transition temperature determined by DSC heating at 20 K.min1 after
heating to 300 °C
Tip Onset of exotherm determined by triangulation of peak
Tm Melting temperature
Tmax Temperature of maximum weight loss (calculated from first derivative of
dynamic TGA with respect to temperature)
Tp Exotherm peak temperature (of crystallisation exotherms)
Ty% Temperature at which x% weight loss is observed (on dynamic TGA curves)
4% Time after which x% weight loss is observed (on isothermal TGA curves)
x„ Number degree of polymerisation
There follows a list of the symbols used frequently in this thesis.
Chapter 1 Background
_________________ 1. Background
1.1. Introduction............................................................................................................................2
1.2. U n its   .........................................................................             3
1.3. Background to Therm al Im aging and Signature Control...........................................4
1.3.1. Detection of thermal signatures.........................................................................4
1.3.2. Radiative properties o f surfaces.........................................................................5
1.3.3. Methods o f IR signature control.........................   8
1.3.4. Paints  .........................   8
1.4. M aterial specification............................................................  11
1.4.1. Optical properties o f binders for IR LO coatings.............................................11
1.4.2. Thermal and thermomechanical requirements..................................................12
1.4.3. Considerations relating to proeessability.........................................................12
1.5. L iterature Survey of Therm al Infrared Countermeasures.............................  13
1.5.1. IRLow Observable (LO) coatings  ............................................................13
1.6. Survey of Group IR  Frequency L iterature ...................................................................15
1.6.1. IR Basics.........................................................................................................15
1.6.2. IR correlation tables..........................................................................    16
1.7. Survey of Existing Polymers.....................................................................................   17
1.7.1. Survey ofpolymer IR spectra in literature on the basis o f band position 17
1.7.2. Survey o f polymeric materials with high thermal stability................................20
1.7.3. Conclusions drawn from survey o f existing polymer literature  .............. 22
Chapter 1 Background
1.1. Introduction
In recent years, countermeasure or stealth  technology has become a key area for military 
research1. A detectable signal o f any form which can be used to identify or target an object 
is referred to as its signature. As technology advances, the number o f  signatures which can 
be used to detect objects increases. In consequence, it becomes ever more important to 
develop better countermeasures to each mode o f  detection to maintain the survivability o f  
military units in an hostile environment.
An area o f  remote sensing (the technology o f  detecting objects from a distance) which has 
improved markedly over the past ten years is thermal-imaging. In this method the thermal 
emission o f  an object is detected and converted into a form which can be interpreted by a 
human observer2. This is usually achieved by using an array o f  photo-cells responsive to 
electromagnetic radiation in the infrared (IR) waveband coupled to image processing 
equipment. By comparing the thermal emission from the surface o f  an object to that o f the 
background a positive or a negative image is formed according to whether the object has a 
brighter or duller optical signature than the background ambient level3. The aim o f IR 
camouflage is to control the thermal (IR) emission o f  an object so that it either matches the 
background or to make it harder to detect its shape. Low observable (LO) 
countermeasures are designed to reduce the detectability o f  an object'".
With the increased use o f  infrared in telecommunications and electronic industries, there is 
a very general interest in materials with tailored IR optical properties which stands aside 
from the military interests related to signature control. While this study has been largely 
directed towards fulfilling the demanding requirements o f  militaiy stealth applications, the 
research presented in this thesis also aims to further the understanding o f  the practicalities 
o f designing organic materials with tailored IR optical properties.
The work presented in this thesis approaches the design o f polymers with carefully 
controlled IR properties at a fundamental level. The IR requirements for the material were 
compared against available IR spectral literature4-9 and a series o f  polymers were prepared. 
Key features in the IR spectra o f  these materials were identified and, where appropriate, 
attempts were made to tailor these spectral features to improve the IR transparency o f the
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materials. Suggestions are made at the end o f  the thesis which relate to the continuation o f  
the study within the framework o f  the Defence Research Agency's research programme 
which is addressing the design o f  novel coating systems with tailored IR emissivities. A  
range o f  analytical and synthetic methods has been used and these are presented along with 
details o f  a investigation o f  the usefulness o f  IR spectral prediction using computational 
methods.
1.2. Units
This thesis deals with a subject which lies between two disciplines: chemistry and physics. 
Researchers working with the control o f  thermal emission tend to consider IR radiation 
across a given waveband and thus describe the radiated energy in terms o f  the wavelength 
o f  radiation. Infrared radiation is electromagnetic (EM) energy with wavelengths between 
2 and 25 pm. The experimental IR spectra o f  the various polymers investigated in the 
course o f  this project are presented in microns (pm) to facilitate comparison with the 
spectral requirements for a binder for low observable pigments.
When chemists use IR spectroscopy to investigate the molecular structure o f organic 
compounds reciprocal wavelengths or wavenumbers (cm"1) are almost invariably used to 
describe the IR peaks. The majority o f spectral data available in the literature is presented 
in wavenumbers.
Chapter three evaluates two different computational methods for the prediction o f IR 
spectra. Comparisons are made between model and experimental data. These models are 
all based on energetic calculations. When dealing with simulated IR spectra, it is more 
meaningful to compare each experimental frequency with its simulated value than to make 
comparisons in terms o f  wavelengths. The ratio o f  the experimental frequency to its 
simulated value provides a indication o f  how well a particular method models the 
energetics o f  a system which is linear across the IR spectral range. Owing to the inverse 
relationship between energy and wavelength, the shortfalls in the computational models 
used will always result in greater errors in the prediction o f  the wavelengths o f  lower 
energy bands. For this reason the data in chapter three are presented in wavenumbers. In 
chapter five calculations are used in a predictive fashion. Simulated frequencies are
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compared to experimental spectra. To clarify the implications o f  the simulated result on the 
latter stages o f  the project, spectra are presented in both wavelengths and wavenumbers.
1.3. Background to Thermal Imaging and Signature Control
To be able to discuss materials which control thermal emission it is first necessary to cover 
the basic physics o f  thermal transfer, concentrating specifically on radiation from surfaces. 
The next section outlines the basic equations which govern radiative transfer from a 
surface and defines the fundamental parameters which will be used to assess the 
performance o f the materials considered in this thesis.
1.3.1. Detection o f therm al signatures
IR detection systems work on the same basis as any other optical detection system 
(including the human eye)/ Radiation from the surface o f  an object has to reach the 
detector in order for it to be processed. Anything between the detector and the object 
which absorbs radiation in the waveband being considered will reduce the strength o f  the 
signal reaching the detector and thus make detection more difficult.
1.3 .1.1.Atmospheric detection windows
There are gases occurring naturally in the atmosphere which absorb strongly in the infrared 
region. These include atmospheric water, carbon dioxide, oxygen and ozone. These gases 
absorb and emit at discrete wavelengths sufficiently to prevent the use o f  radiation o f those 
wavelengths to detect objects3. A  typical atmospheric absorption spectrum can be seen in 
Figure l . l 10. It should be noted that this spectrum will change slightly as a function o f  
altitude and environment. However, the major constituent gases are considered to remain 
the same.
It can be seen quite clearly from this diagram that atmospheric gases will block IR 
emission effectively below 3 pm, between 5 and 8 pm and above 12 pm. Two atmospheric 
detection windows result: between 3 and 5 pm and between 8 and 12 pm. In 
countermeasures against IR missile seekers the 3-5 pm window and the near-infrared 
(NIR) frequencies (1-4 pm) are used most frequently3’11,12. However, for certain other
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countermeasures against threats such as IR track and search systems and forward looking 
infrared (FLIR) detectors both the 3-5 and 8-12 pm detection windows are used/ ’11,12
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Figure 1.1 Atmospheric infrared spectrum showing detection windows at 3-5 and 8-12 pm9
1.3.2. Radiative properties of surfaces
The therm al signature o f  an object is dependent upon the radiative exitance from its 
surface13. There are two major sources o f  thermal energy that increase this emission. The 
first is any source o f  heat in thermal contact with the substrate. The second source is from 
absorption and subsequent re-radiation o f  incident radiation. The combined signature is 
sometimes referred to as the surface brightness in a particular waveband0.
If we consider a surface o f  unit area under illumination by a source which delivers energy 
at a rate Exo in a given waveband per unit area, the absorptance, ax ,o f  the surface 
describes the rate at which the surface absorbs the incident photons. The energy absorbed, 
Ex,a by the surface is given by14
Ex,a = <*x{Exo) Equation L I
The rate at which the surface emits those photons is called the spectral radiant exitance o f  
the surface and is given the symbol Mx.. The subscript X indicates that the exitance is
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spectrally dependent. This notation applies equally to all other constants defined in this 
section. The units ofM a are J.m.s*1
KirchofFs Law states that for a body to be in thermal equilibrium with its surroundings, 
the rate o f  absorption and the rate o f  emission must be the same. This means that Equation 
1.1 can be equated to Equation 1.2 and thus it can be inferred that for any  body, 
irrespective o f  its radiative properties, the ratio o f the exitance to the absorptance is 
constant for a given waveband and is equal to
A  blackbody is defined as being a perfectly absorbing surface («a= 1) and it can be 
deduced, therefore, that for a non-ideal (grey) body
ideal (grey) body (Mag) to that o f  an ideal blackbody at the same temperature (Mab).
The relationship between the temperature o f  a surface and its emission spectrum follows 
blackbody emission as defined by Planck. The energy radiated in a given waveband as a 
function o f  temperature and wavelength is given by the formula below
where
2nc2h (T.248x10'28J.m) c2 = ch/k  (1.438.mK), h is Planck’s constant 
(6.626x10o4Js) and k  is the Boltzmann constant (1.380x1CT^ J.K"1)
A  plot o f this radiant energy as a function o f  wavelength for a blackbody o f  differing 
temperatures can be seen in Figure 1.2.
rate o f  photon emission = M xdX Equation 1.2
Equation 1.3
Equation 1.4
Where sx is referred to as the spectral emissivity and is the ratio o f  the exitance o f  the non-
Equation 1.5
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Figure 1.2 Blackbody emission at temperatures ranging from 400 °C to ambient
Inspection o f  the blackbody radiation curves for different temperatures shows that with a
decrease in temperature, the peak maximum for radiative power shifts to longer
wavelength. The peak maximum, (tinax) is the wavelength at which the differential o f  the 
energy density function (dMJdX) is equal to zero. The relationship between /W  and 
temperature is known as the Wein displacement relationship14 and takes the form
toax “ y  Equation 1.6
where b is Wein’s displacement constant which has the value 2.897x1 O'3 m.K. and T is the 
absolute temperature o f  the surface in Kelvin. Integration o f  the Planck distribution 
between the limits 0 and co gives the Stefann-Boltzmann law14 which gives the total radiant 
exitance over all wavelengths ( M b )  o f  a blackbody at a temperature T as being equal to
co
Mb = J MkdX -  oT4 Equation 1.7
o
where a  is the Stefan-Boltzmann constant and takes the value 5 .672xl04 watt.m2 K 4 
Combining equations 1.4 and 1.7 gives the following expression for the total radiant 
exitance o f a non-ideal body
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M k = sxoT4 Equation 1.8
1.3.3. Methods of IR  signature control
From Equation 1.8 it is easy to understand the relative merits o f  the two primary IR LO 
countermeasures, active  cooling and control o f  intrinsic emissivity (a passive  
countermeasure). At high temperatures the term in T4 is dominant and the most effective 
way o f  reducing the thermal signature o f  an object is to cool its surface. At lower 
temperatures, the contribution o f  the emissivity factor becomes more significant. 
Examination o f  Figure 1.2 shows that the thermal emission in the 8-12 pm region is 
relatively more significant for bodies at ambient temperatures (ftax — 9 .72  pm at 25 °C), 
than for bodies at temperatures higher than 250 °C which emit a greater percentage o f  
their total radiated energy between 3 and 5 pm.
So it can be seen that the mode o f camouflage has to be chosen carefully to suit the 
situation. Camouflage methods generally attempt to match the emission spectra o f  surfaces 
to that o f the background whether that be vegetation, a particular type o f  terrain or the 
emission o f the air. In the visible region o f  the electromagnetic spectrum this is achieved 
through the use o f  suitably pigmented dyes15,16. In recent years, various pigments have 
been developed which have the potential to provide camouflage in the infrared detection 
windows against various backgrounds. Many o f  these pigments are inorganic materials 
with high refractive indices which cannot be applied easily to military units after 
fabrication. The pigment particles have to be incorporated into some form o f  coating 
system to allow this. The traditional form o f  coating system is paint.
1.3.4, Paints
Paints are colloidal dispersions o f  pigment particles in a continuous polymeric phase often 
referred to as the binder17. Ideally the pigment should determine the spectral properties o f  
the surface. The binder serves to bind the pigment particles together, to adhere them to the 
substrate and to provide protection for the substrate against corrosion, ablative damage 
and weathering. The ratio o f  pigment to binder is often used to control the surface finish o f  
the coating. A high pigment to binder ratio at the surface o f the paint film results in a matte 
finish. Decreasing this ratio results in a glossier finish. The detectable surface finish o f
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coatings is also a function o f  the angle o f  surface illumination and detection. It should be 
noted that for an ideal non-absorbing surface, its surface finish should not affect the 
emissivity o f  a material. However, in practice it has a marked effect as scattering events at 
the surface o f a film can affect the pathlength o f  radiation through the film which can, in 
turn, affect the amount o f  radiation absorbed.
Whenever there is an interface between two substances and radiation passes from one 
medium to the other, a certain proportion o f  the radiation is reflected and the remainder 
enters the second medium. This phenomenon is referred to as reflection due to index 
mismatch18. The radiation which is reflected at the angle o f incidence is termed specular. 
The radiation which issues from the sample at any angle other than the angle o f  incidence 
is referred to as diffuse radiation. When considering radiation passing through a sample, 
the energy which leaves the sample at the angle o f  incidence is described as collim ated.
The refractive indices o f  the majority o f  organic polymers lie between 1.32 and 1.7019. 
This means that a significant amount o f  reflection occurs at the surface o f most polymer 
films. The amount o f  radiation reflected at a surface due to index mismatch is governed by 
FresnePs Laws o f reflection. For radiation incident normal to a planar surface, the 
reflectance (p, defined as the ratio o f  reflected to incident radiation) is given by the 
equation below18
(fro - n xf  + k 2 
(n0 + « , ) 2 + k ‘
p  = - p — Equat i on 1. 9
where no is the refractive index o f  the transparent medium and the refractive index o f  the 
absorbing medium is given by (ni+ik). « i is the real component o f  the refractive index 
which describes the speed o f  propagation o f  the EM wave in the absorbing material and ik  
is an imaginary term introduced to account for the attenuation o f  the intensity o f  the 
radiation by absorption18.
It can be seen that if  the medium absorbs very strongly, k  is large with respect to n\ and 
the reflectance o f the surface layer tends towards 1. I f  the interface is smooth and also 
highly reflective, incident radiation cannot propagate to any significant depth below the 
surface. Only a small percentage o f  the radiation is absorbed and re-emitted and thus the 
material exhibits low emissivity. However, if  the surface is rough or particulate the surface
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area for absorption can be increased significantly. This in turn increases the amount o f  
radiation emitted by the surface at a particular wavelength. The increase in emittance due 
to increased surface roughness should, in theory, be independent o f  wavelength. An 
example o f this effect o f  surface roughness is the difference between the radiative 
behaviours o f  metallic mirrors which exhibit very low emissivities and metal optical blacks 
which can exhibit emissivities approaching unity20. Whilst for metallic surfaces ni+ ik  is 
essentially independent o f  wavelength, for organic compounds which act as selective 
absorbers and emitters, the term is spectrally dependent. This means that every effort 
should be made to ensure that the surface finishes o f  any samples used to determine 
experimental emissivities in this project are as similar as possible.
In the preceding paragraphs, the major radiative processes which occur at a surface under 
illumination have been described. In summary when radiation is incident on a surface it can 
either be reflected, transmitted or absorbed and re-emitted later. This is described by the 
equation below linking the three main transfer properties o f  a surface18
p x + a  x + r  x = 1 Equation 1.10
where t  is the transmittance. All o f  these components can vary as a function o f  angle. For 
simple reflection from a planar surface, the angle o f reflection is equal to the angle o f  
incidence. However, in systems which have surface roughness or multiple crystalline 
interfaces the reflected radiation can be spread over a wide angular distribution and is said 
to be scattered. Some materials have nanoscale ordering which can give rise to scattering. 
Materials which exhibit intrinsically high scattering are said to be lossy.
incident radiation
 ► Specular reflected radiation
 ► Diffuse - scattered radiation
Raman Scattered radiation ( X dependent)
Figure 1.3 Reflection and scattering processes in a paint film
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Scattering events must be taken into account when considering the radiative properties o f  
materials. For a correct experimental measurement o f the radiant energy from a surface, 
the exitance at all angles must be taken into account. The concept o f  hemispherical and 
directional emissivity is developed in chapter 2.
1.4. Material Specification
Having defined the nature o f  the radiative properties that LO coatings aim to control, it is 
now possible to consider the overall physical properties which are desirable o f  a binder. 
There is inevitably a need to compromise on some aspects o f  the specification as in some 
instances the physical attributes which impart one property to a material are detrimental to 
its performance in other ways. The aspects which must be considered are as follows:
1. Optical properties - transparency and refractive index
2. Thermomechanical and chemical stability
3. Processability and applicability
1.4.1. Optical properties of binders fo r IR  L O  coatings
Ideally a binder for use with high technology LO pigments should not affect the optical 
performance o f the low emissivity pigment particles in any way. This could only be 
achieved if the refractive index o f  the binder was equal to that o f  air or if  it was totally 
transparent across all wavelengths at which the pigment absorbs. As organic binders 
usually have refractive indices o f  at least 1.3 and invariably exhibit some absorptions 
between 8 and 12 pm some loss o f  performance is inevitable. Materials with very high 
refractive indices are not suitable for use as binders as they tend to mask the pigment 
particles. This is not a problem with organic polymers. Index mismatch will always result 
in a small amount o f  shielding o f  the pigment by the binder, but as the majority o f  organic 
polymers have refractive indices o f  the order o f 1.7 this problem is not serious. All existing 
organic binders consist o f  large macromolecules or crosslinked networks which contain 
moieties which absorb and therefore emit strongly in the infrared. While emission masked
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by the atmosphere are not problematic, any emission in either o f  the atmospheric detection 
windows will be detrimental to the performance o f  the low observable coating.
If it is not possible to eliminate all absorptions in these windows then they should be kept 
to a minimum. Absorption at the shorter wavelength ends o f each spectral window are 
considered the most important to eliminate as a greater percentage o f  radiation is emitted 
at shorter wavelengths (see Figure 1.2).
Ideally  the to ta l em issivity o f  a  binder fo r  low observable pigm ents should be no greater  
than 0 .4  (40% )21.
1.4.2. Therm al and thermomechanical requirements
When a surface is placed under strong illumination such as in a desert environment, it often 
experiences therm al loading (i.e. it absorbs heat faster than it can re-radiate it). This can 
increase its surface temperature drastically. Paint surfaces have been known to reach 
temperatures o f 190 °C in strong sunlight. With this in mind, the maximum service 
temperature for the paint has been set to 190 °C. The binder phase should not undergo 
chemical degradation or changes in physical state such as softening or melting below this 
temperature. In order to guarantee good thermomechanical stability, it was stated at the 
start o f  the project that the glass transition (Tg) o f  the binder should be at least 30 °C 
higher than the maximum service temperature.
These requirements were translated into the following property specifications:
1. the Tg o f  the binder ph ase should  be a t least 220 °C. I f  this is not attainable no  
soften ing transitions sh ou ld  be apparen t below  the service temperature o f  190 °C;
2. a t 190 °C in air, there should  be no weight loss due to degradation o f  the binder. 
W eight due to loss o f  solven t (drying) is considered  inevitable but sh oidd  be kept to a  
minimum to  a vo id  excessive shrinkage.
1.4.3. Considerations relating to processability
Existing painting practices used by the Ministry o f  Defence (MOD) for aerospace coatings 
are restricted to the use o f  traditional spray painting methods22. To be compatible with this
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procedure, any candidate materials should exhibit solubility in a suitable organic solvent. 
Formulation o f  solvent systems for effective painting is an important part o f  designing a 
coating system. However, the aim o f  this project is to look at the more fundamental 
problem o f  transparency.
Solubility in any reasonably volatile solvent which would readily allow film  formation is 
considered adequate at this stage o f the research
1.5. Literature Survey of Thermal Infrared Countermeasures
A number o f  key material properties have been identified in the preceding sections. 
Detailed literature reviews were carried out to identify the current state o f  the art in IR 
transparent polymers, LO paint technology and thermally stable polymers. Where 
necessary, results published in the literature were supplemented by experiment. A survey 
o f  IR group frequencies was also made to identify which structural units would and which 
would not be expected to be compatible with the optical requirements o f  the project.
1.5.1. IR  Low Observable (L O ) coatings
LO applications, by nature, refer to topics which are sensitive in teims o f  security and their 
political implications. Despite this, references can be found in the open literature to coating 
systems which claim to impart IR low observability to objects to which they are applied. 
The need for LO technology in the IR became apparent in the mid 1980’s as problems 
were encountered with solar glints (points o f  high intensity reflected radiation from the 
surface o f  a paint) and thermal loading on aircraft which were in service at high altitude. 
Advances in thermal imaging technology prompted further development o f  
countermeasures to detection using IR for terrestrial and air-borne use. A  paper by 
Beckwith o f  the Materials Research Laboratory (MRL) in Ascot Vale Australia, in 1984 
showed that extensive reformulation o f  service paints would be necessary to keep apace o f  
advances in IR detector technology15.
Other military research groups also cited IR stealth as being extremely important in 
maintaining the survivability o f units in modem military combat and surveillance 
situations16. Research was carried out to try and reduce the emissivity o f  a variety o f
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surfaces ranging from the clothing fabrics23 to painted surfaces on military aircraft24. The 
general consensus o f  early LO paint research was that it was possible to reduce the IR 
emissivity o f  a painted surface by careful selection o f  the paint components. This was 
shown to be a particularly successful approach in the NIR (1-3 pm)24. For wavelengths 
above 3 pm, pigments were identified as being o f primary importance and a range o f  
metallic flake24, metal oxide11,25 and organic based pigments26'01 were developed which 
could be used to control spectral emissivity in various regions. The majority o f  the organic 
pigments were dark and destined to provide IR camouflage against backgrounds o f  
vegetation and worked on the principle o f  matching emissivities. In contrast, the flake and 
metallic oxide pigments actually lowered the surface emissivity o f  the objects to which 
they were applied. Trials carried out on these low emissivity coatings showed that the best 
results were obtained between 3 and 5 pm11. Reductions in emissivity between 8 and 12 
pm were less marked. As the emissivities o f  the pigments in these spectral windows were 
low it was inferred that majority o f  emission in this region was attributable to the binder 
used in the formulation. All patents which claimed prevention o f  detection by IR were 
either non-specific about suitable binders or claimed the use o f traditional binders such as 
poly(urethane)s or poly(aciylate)s which are known to exhibit high emissivities between 8 
and 12 pm.
Formulations with high LO pigment contents were reported to exhibit the lowest 
emittances. However, problems with glints were encountered at very high levels o f  
pigment loading21. The development o f new binders with lower emissivities between 8 and 
12 pm was cited as being o f  importance to the further advancement o f  LO coating 
technology.
In 1993 a comprehensive paper, summarising the factors affecting the choice o f  materials 
for the formulation o f coatings to control thermal signatures, was published as the result o f  
collaboration between the MRL and the Naval Research Laboratories in Washington12. It 
was reported that oxime cured silicones25 and alkyd resins could be used as binders for 
paints with low emissivity in the NIR and the 3-5 pm region o f  the IR. Alkyds and 
silicones are both known to absorb and emit strongly between 8 and 12 pm. Inorganic 
phosphate binders have also been reported to be useful in producing coatings with 
emissivities below 0.2 between 3 and 5 pm. However, these coatings required a high-
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temperature cure cycle (350 °C) and did not provide low emissivity between 8 and 12 pm. 
N o papers could be found which described any attempts to tailor the IR transparency o f  
binders through chemical modification or design o f  the polymeric phase.
Other applications require transparency in the IR such as optical adhesives32, radome 
materials33, thermal control coatings34, solar thermal collectors35,36 and optical coatings to 
protect IR optical devices. Coatings for optical devices have been developed which can be 
applied to optical devices which can give emissivities as low as 0.05. Unfortunately, these 
materials cannot be used directly as paints as they comprise thin optical coatings o f  semi­
conductors37, metallic/dielectric layered interference films38 or diamond-like-carbon (DLC) 
materials"**24
The papers by Wasserman32 and Engelsroth33 matched IR transparency o f a range o f  
commercially available materials to optical specifications similar to those set for this 
project. Unfortunately the methods o f  analysis used to determine the IR transparency were 
insufficiently rigorous to make their findings o f  import to the project. The papers gave 
varied and often conflicting accounts o f  which materials were considered to be transparent 
in the IR. This was because the methods used to evaluate the IR spectral transparency 
varied between different papers. This showed that a rigorous radiometric approach which 
allowed ax, px and tx to be determined absolutely was essential to allow the valid 
comparison o f the transparencies o f  a wide range o f  different materials. Such a method has 
been adopted in this project and is described folly in chapter 2.
1.6. Survey of Group IR Frequency Literature
1.6.1. IR  Basics
From quantum chemistry, for IR radiation to be absorbed by a material it must be able to 
deform its structure in some way to be excited from a low energy state to a higher energy 
state. The energy difference between the two states must be exactly equal to the energy o f  
the photon which is absorbed. The energy o f the photon is given by the Planck equation as 
described below:
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E - h v Equation 1.11
where E is the energy o f  the transition, h  is Planck’s constant and is equal to
excited and lower energy state. If the photon absorbed is considered as an electromagnetic 
wave o f wavelength X then the equation above can be written as:
The energy o f  photons in the IR bandwidth o f  the electromagnetic spectrum corresponds 
to the energy difference between a molecule at rest and a vibrationally excited mode which 
arises from displacement o f  the atoms in the molecule from their equilibrium positions. The 
energy o f  the molecule is directionally proportional to the deformation o f  the bonds which 
form covalent links between its constituent atoms. As organic compounds consist o f  a 
finite number o f  different bond types, they act as selective absorbers and radiators. Some 
inorganic compounds can undergo an infinite range o f energetic transitions by promoting 
electrons from one energetic level to a higher conductance band and as a result exhibit 
broad-band absorption and radiation.
1.6.2. IR  correlation tables.
There is extensive literature relating to the group vibrational frequencies o f a wide range o f  
organic compounds8,9. Much o f  this is presented in the form o f  IR group frequency 
correlation tables. By simple inspection o f  a range o f correlation tables7,9 and by reference 
to these texts it is possible to predict which structural units would be expected to give rise 
to IR emission at wavelengths between the two atmospheric detection windows. In 
qualitative IR spectroscopy, very generalised references to intensities are often made; with 
bands being classified as: very strong, (vs), strong (5/ ,  medium (m), weak (w) and variable 
(v). Despite the widespread use o f  such nomenclature, no references could be found which 
related these qualitative intensities to thermal emissivities. Correlation tables were used to 
predict the bands expected for a given polymer repeat unit. The following general 
inferences were made:
6.62x10”4J.s'1 and v is the frequency with which the molecule switches between the
Equation 1.12
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1. In the 3-5 pm window, C-H stretches and hydrogen bonded -OH and -NH  
stretches would pose the greatest problems. Aromatic C-H’s were expected to 
be less problematic than aliphatics. Putting these bands aside most other 
frequently encountered structural units would be expected to give reasonable 
transparency in this waveband.
2. Between 8 and 12 pm, the number o f  structural units expected to be acceptable 
was smaller. In general ether linkages give bands in the region o f  interest. 
Phosphazenes and silicones both give strong bands between 8 and 12 pm as do 
sulphones and fluorocarbons. Carbonyls show some potential and some amides 
appear to be acceptable, giving bands just outside o f  the 8-12 pm window. 
However other amides and a large number o f  urethanes give a problematic 
band just above 8 pm. Aromatic compounds generally absorb between 8-12 pm 
with patterns characteristic o f  the distribution o f  substituents around the phenyl 
ring. However, these absorptions are often weak compared to aliphatic modes 
at similar wavelengths and the use o f  aromatic compounds was not ruled out as 
they would be expected to give good performance in the 3-5 pm region. 
Aliphatic hydrocarbons generally give simple spectra between 8-12 pm with 
bands that, at worst, impinge slightly on the upper and lower limits o f  the 
window.
1.7. Survey of Existing Polymers
1.7.1. Survey of polymer IR  spectra in literature on the basis of band position
It is relatively simple task to draw up a list o f  functional groups which do not to give any 
bands in the two atmospheric detection windows. What is more difficult, however, is to 
establish what viable combinations o f  structural units still give acceptable IR bands while 
at the same time providing a polymer with the desired physical properties. Correlation 
tables were used to identify bands apparent in a wide range o f  polymer IR spectra available 
in spectral atlases. There are no organic polymers which are 100% transparent between 3 
and 5 pm and 8 and 12 pm. All organic materials absorb in the IR region o f  the 
electromagnetic spectrum and thus it is necessary to select materials which exhibit higher 
than average in tegral transparency over both  detection windows.
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Table 1.1 Summary of IR  group frequencies for organic structural units
Vibrational Mode
Strength o f IR Bands between (pm) 
3-5 5-8 8-12 12-15 Comments
Saturated C-H stretch
methyl s s,v n n strong sharp, bands
methylene s s, v n w CH2 may impinge on 8-12 pm
Unsaturated C-H stretch
terminal olefin w in, w s V
backbone olefin w m, w s m
Triole bonds
backbone C=C m, w m n s
terminal C=C 111, w n n n
nitrile / (thio)cyanate O N m, v n n n
Aromatic carbocvcles
6-membered rings w m, w s, m, w s substitution alters pattern
Aromatic heterocvcles
pyridines w m, w s, m, w
triazine
furans
thiophenes
n
n
n
s
s
s
n
n
n
s
Carbonyl bonds (C=0 stretch)
ketones
aldehydes
n
n
s
s, m
n n
Amide linkages
secondary amide s, m s n n 3-5 modes due to N-H stretch
tertiary amide n s n n
cyclic imides n s n n
Ester linkages n s s n
Thioester linkages n s s n
Ether linkages
aliphatic ethers n n s n
aromatic ethers n n s n
Thioethers
aliphatic
aromatic
w m m
m
n
m
Alcohols
aliphatic s n s n band in 3-5 is very broad due
aromatic s n s n to H-bonding
Thiols w m m n
Nitro- substituents n m n n
Phosphorous containing units
P-OH units s m s n In general bands are strong
Phosphines (P-H) m n m n and broad
Phosphates (P=0, P-O) s s s s
Phosphazenes (P=N. P-N) n s s n
Suluhones and sulfates n s s n
Halogenated hydrocarbons
C-F aliphatic (aromatic) n s(s) s(s) n (s)
C-Cl aliphatic (aromatic) n s(n) n (m) s(s)
C-Br aliphatic (aromatic) n s(n) s (m) n (n)
Si-O units n n s n
B-N, B-0 and B-C units n s n n
B-H units s s n n Broad bands in 3-5 pm
a n = no bands in this bandwidth
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Inspection o f available polymer IR spectra permitted a list o f  materials to be drawn up 
which included polymers with few bands or only weak bands in the two atmospheric 
detection windows. Some general points relating to materials selection were gleaned from 
this survey:
1. Materials containing hydrogen-bonded species exhibited low transparency in the 3-5 pm 
region. This means that water absorption by materials will also reduce their 
transparency in the 3-5 pm region. Low water absorption is, therefore, also a desirable 
property o f candidate materials.
2. Aliphatic C -0  and C-N units give rise to strong bands in the 8-12 pm region and should 
be avoided when possible.
3. Aromatic units give a significant number o f  bands in the 8-12 pm region. However, 
these are some o f  the weakest fundamental bands which occur in that bandwidth.
The materials targeted as being o f  interest based on this initial survey are summarised in 
Table 1.2.
Table 1.2 Polymers targeted as having potential for elevated IR  transparency.
Polymer Family Bands which pose problems
Poly(ethylene) and related poly(olefins)s strong C-H bands in the 3-5 pm region
Isoprene and butadiene based elastomers strong C-H bands in the 3-5 pm region. Some
bands in the 8-12 pm region.
Selected polyamides N-H bands can be a problem in the 3-5 pm region.
Aliphatic amides give better transparency in 8-12 
pm region
Selected aromatic polyimides aromatic bands between 8 and 12 pm appear weak
Aromatic triazinyl polymers (from cyanate esters) aromatic bands between 8 and 12 pm appear weak
Selected poly(urethane)s Strong bands between 8 and 9.5 pm. Aliphatic
poly(urethane)s give better transparency in the 8-12 
pm region.
A serious problem encountered with the spectral data available in the literature was that 
there were no standard measurement conditions. Some spectra were obtained from KBr 
disks, others as films and in many instances films thickness were not quoted. This made it
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impossible to compare the intensities  o f  the bands in different samples. To compare 
different polymer samples, measurements should be made to account for all radiative 
processes including transmission, reflection and absorption. This approach has not been 
adopted by the majority o f  workers who have carried out surveys o f  existing polymers for 
their suitability for IR LO applications.
1.7.2. Survey of polymeric materials w ith high therm al stability
High-temperature polymers have been the subject o f  countless materials and polymer 
science studies over the years. A  polymer may be classed as being 'high-temperature' if  it 
has a service temperature over 280 °C j9'41. Any o f  these materials would more than meet 
the thermal stability requirements o f  the project. However, compatibility with the need for 
film forming ability at room temperature, solubility and thermal stability without a cure 
cycle at elevated temperatures rule out a large number o f  these candidates.
The stability o f  a material at elevated temperature in a given atmosphere is a function o f  
the temperature and the duration o f  exposure to that temperature. Two types o f  thermal 
instability are encountered when a material is heated: loss o f thermochemical stability 
(through decomposition) and a reduction in mechanical stability (due to softening, melting 
or occasionally excessive crystallisation which can reduce the toughness o f  the material).
Many thermally stable organic polymers have a number o f  structural similarities. Thermal 
decomposition is the process o f  reducing the molecular weight o f  a polymer by heating. 
This can occur through reversal o f  chemical bonding although it is more often mediated by 
aggressive species (often radicals) which cleave the chain and thus reduce the molecular 
weight o f  the polymer. Materials which have strong bonds in the backbone, require more 
energy to reduce the molecular weight o f  the chain and exhibit accordingly higher 
thermochemical stability. In a similar fashion materials which have a high degree o f internal 
connectivity require more bonds to be broken to reduce the molecular weight and also 
show high thermochemical stability.
The first transition o f  significance to the thermomechanical properties o f  a polymer is the 
Tg At this temperature, the polymer chains have enough kinetic energy to exhibit 
significant motion between adjacent chains. This motion is often considered to take place
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by concerted motion o f  the polymer segments by rotation about backbone torsions. A  
method for determining this temperature using differential scanning calorimetry is 
discussed in Chapter 2. In many applications the Tg is used to define the upper service 
temperature o f  a material. The other important temperature at which the thermomechanical 
stability o f  a polymer is significantly reduced is the softening temperature. This is usually 
determined by dynamic mechanical analysis or using a Vicat softening instrument in which 
a polymer sample is put into contact with a metallic ball under constant load. The softening 
temperature is determined from the temperature at which the ball penetrates the polymer 
surface to a given depth. This temperature is termed the Vicat temperature42 and is often 
used to define the upper service temperature o f  thermoplastic materials. Unfortunately this 
analytical method has not been available to this project. The other temperature o f  
importance is the bulk melt temperature o f  the polymer (Tm). At Tm the polymers undergo 
spontaneous viscous flow which corresponds to long range inter-chain motion. 
Information about the changes in the physical state o f  a material as it is heated can be 
obtained by using differential scanning calorimetry (See Chapter 2). Materials were 
considered unsuitable if  either their Tin, Tg or the temperature corresponding to the onset 
o f  weight loss was less than 30 °C above the service temperature.
Traditional thermally stable materials such as aromatic: poly(ethers)s39’40, poly(amide)s39’40, 
poly(esters)°9’40, poly(imide)s43, poly(benzimidazole)s44, poly(bismaleimides)45 and cyanate 
ester resins46 all have the potential to be thermochemically and thermomechanically stable 
above 300 °C.
However, none o f the above are suitable for use as binders in a traditional paint system 
because either they exhibit poor solubility in volatile solvents, do not form films or require 
high temperature processing to develop their thermal stability. Newer high temperature 
materials such as: poly(enaminonitrile)s47’48, poly(amide-imide)s49, resins containing 
acetylene in the backbone50, poly(quinoxaline)s51, and benzocyelobutene resins (BCB’s)52 
were also considered but were deemed unsuitable because they require high temperatures 
in their processing cycles. Many o f  these high-temperature polymers are heteroaromatic 
polymers. Heteroaromatics are well known for their thermal stability but often suffer from 
poor processability53. The inclusion o f  1,3,5-triazine units in the backbones o f  a wide range 
o f  aromatic polymers has been shown to impart stability at elevated temperatures54-59.
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Linear aromatic cyanurates, heteroaromatic analogues o f  poly(phenylene ether)s have been 
reported to exhibit good solubility in chloroform and other solvents, to have high thermal 
stability and to show only weak thermal transitions below 300 °C59.
Certain spiropolymers showed some promise in terms o f either thermal stability and 
processability60 or transparency61. Unfortunately, modifications to improve upon their 
shortcomings were not obvious. Adamantyl62 and diamantyl6^  polymers showed good 
thermochemical and thermomechanical stability to temperatures in excess o f  250 °C as 
well as being soluble in some common solvents.
1.7.3. Conclusions drawn from  survey of existing polymer literature
The survey o f modem polymers was made taking into account the limitation that the 
material had to be mechanically and chemically stable to 190 °C without any post­
application cure. There were only three viable options to provide starting points for the 
project which would be expected to give materials that would meet the optical and 
thermomechanical exigencies o f  the project: adamantyl materials, spiropolymers or the 
linear copoly(cyanurate)s. All o f  the materials which are listed in Table 1.2 except for the 
triazinyl materials exhibit either unsuitable thermomechanical stability or solubility. All the 
spiropolymers identified by the literature survey contained aliphatic carbon-oxygen 
linkages or significant numbers o f  aliphatic C-H units giving strong bands in the 3-5 pm 
detection window.
The problem with C-H bands applied equally to the adamantyl materials. Although it is 
possible to achieve high degrees o f  halogenation o f  the adamantyl skeleton (which by 
analogy to the effect o f halogenation on the IR spectrum o f poly(ethylene) should reduce 
the intensity o f  the C-H bands), it was decided that this was an unnecessarily complicated 
and expensive solution to the problem.
In order to investigate the emissivities o f  various materials and to compile reliable data for 
comparing existing materials, some o f  the candidate materials described above were 
selected for analysis. The analytical techniques used and the results obtained for these 
candidates are presented in chapter 2.
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2.1. Introduction
This chapter provides details o f the instrumentation and methodology employed in the 
characterisation o f the materials synthesised in this project. Certain methods have been 
used in a purely supportive fashion in this project and are dealt with very briefly. More in- 
depth information is provided for the four key methods in this project: qualitative Fourier 
transform infrared spectroscopy (FTIR); an extension o f  FTIR which allows the 
quantitative determination o f  the radiometric properties o f a material, hemi-spherical 
directional reflectometry (HDR); thermogravimetric analysis (TGA); and differential 
scanning calorimetry (DSC). The supporting methods include nuclear magnetic resonance 
spectrometiy (NMR), elemental analysis and gel-permeation chromatography (GPC). 
Some test data acquired from TGA, DSC and FTIR analyses o f  commercial polymers in 
the early stages o f  the project are presented. These data are discussed with regard to the 
selection o f  copoly(methoxy-cyanurate)s as candidate materials for LO binders.
2.2. Selection of Test Materials
The selection o f  the materials used to acquire the test data presented in this chapter was 
primarily governed by which polymers could be obtained in the form o f  uniform films 
suitable for analysis by HDR. Three materials with high IR transparency were selected: 
Goodrich low density polyethylene (LDPE); tw o Shell styrene-ethylene-butadiene-styrene 
(SEBS) block elastomers with bound styrene contents o f  15 and 30% (Kraton KX601 and 
GS1580 respectively); a 2-pack poly(urethane) polymer, taken as being indicative o f  the 
best MOD binder formulation available21. The other samples were three Goodfellows 
polyamide films (polyamides 4 6 and 46) which were chosen as inspection o f their IR 
spectra suggested that they might have higher than average transparency in the 8-12 pm 
detection window.
2.3. Infrared (IR) Spectroscopy
IR spectrometers have been used in two different ways in this project. The first is that 
most familiar to practical chemists as a method to allow structural information to be
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obtained about materials through a study o f their characteristic group frequencies. This is 
qualitative spectroscopy: details about the structure o f  the molecule under study are 
inferred from interpretation o f spectral data based on previous knowledge and theory. The 
second use o f  IR spectrometers in this project is as part o f  a radiometric analytical 
technique called hemispherical directional radiometry.
2.3.1. IR  spectrometers
2.3.1.1. Dispersive IR spectrometers
In an traditional dispersive spectrometer the radiation from a blackbody source is split into 
two equal beams which travel along two different optical paths64. One beam passes 
through or onto, the sample while the other serves as a reference beam. The two beams are 
subsequently directed alternately to the detector via  a monochromator which scans slowly 
through the spectral region o f interest by spinning the dispersive element. Dispersive 
instruments have a number o f  advantages. They are very stable to fluctuations in 
atmospheric changes and moisture and can provide very stable signals over a long period 
o f  time. However, dispersive instruments tend to be quite slow as they measure each 
wavelength separately. A  Fourier transform instrument overcomes this problem by 
irradiating the sample at all wavelengths simultaneously using a polychromatic source 
without a monochromator.
2.3.1.2. The Fourier-transform IR spectrometer
Most Fourier transform IR spectrometers are based on the M ichelson interferometer 
which is depicted in Figure 2.1. The beam from the source is passed through a beamsplitter 
which splits it in two. The first beam is directed onto a fixed mirror (M2)  while the second 
is reflected onto a moving mirror (Mi) which oscillates in a parallel path to the direction o f  
the beam. This results in the introduction o f  a path difference between the two beams 
which changes as a function o f  the displacement o f  M i. Both beams are then passed 
through the sample and reflected onto the detector. If just one wavelength (X) o f  light is 
considered, a maximum signal will be detected when the path difference between the two 
beams is equal to an integer (n) multiple o f  the wavelength (i.e. nX) and constructive 
interference occurs between the two beams. When the difference in path is an odd integer 
multiple o f  X/2 destructive interference occurs and a minimum signal results.
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Figure 2.1 Schematic of Fourier transform IR  (FTIR ) spectrometer based on a Micheison 
interferometer64.
As the mirror oscillates, a continuously fluctuating signal results for each wavelength from 
the polychromatic source. Considering each wavelength (X) in turn, when the path 
difference between the two beams is x  and the wavenumber (  v )  is equal to 1/A,. The 
signal reaching the detector (I y )  is related to the incident radiation (I ft) by the following 
equation:
I -  = p  • 7-o • T- • (l + cos 27rvj Equation 2.1
where T  y  is the transmittance o f  the sample at wavenumber v and p  is the reflectivity o f  
the beamsplitter surface which is included to account for the percentage o f  the radiation 
which is reflected from the surface o f  the beamsplitter back into the source (often about 
50%). The extension o f  this phenomenon to the case o f  polychromatic radiation is 
achieved by integrating the individual monochromatic functions over the frequencies 
covered by the polychromatic source. The intensity o f  the signal is, therefore, proportional 
to the Fourier transform (FT) o f  the interferogram (I yQ. T  y). The FT shifts the signal from
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a domain in x (which is proportional to time) to the frequency domain (which is directly 
related to each specific wavelength). This spectrum is directly comparable to a spectrum 
obtained from a traditional dispersive spectrometer. One useful function o f  interferograms 
is that they can be subtracted from one another. Hence, by running a background with no 
sample and subtracting the interferogram obtained from that o f  a sample it is possible to 
subtract the effect o f  background absorption, thus simulating the effect o f  using a double 
beam instrument.
By adding consecutive interferograms from an FT experiment it is possible to reduce the 
signal to noise ratio significantly, thus lowering the detection limit and increasing the 
reliability o f  the measured intensities. This, combined with increased speed o f  analysis has 
made FTIR spectrometers the instruments o f choice for a wide range o f  IR analyses. 
However, with FTIR, it is necessary to run the background occasionally and for prolonged 
experiments dispersive instruments suffer less from baseline drift. This is more noticeable 
in the near infrared (0 .7pm <  X < 3 pm ) where dispersive instruments are still the 
instruments o f  choice.
2.3.2. Sample preparation for qualitative IR  spectroscopy.
In qualitative analyses the primary requirement is that the sample be placed in the beam of  
the spectrometer in such as fashion that there can be selective absorption o f  the radiation 
at the sample surface. After this interaction, the radiation leaving the surface should be 
sufficiently unattenuated for the frequencies not absorbed by the sample to be easily 
differentiated from those frequencies which are.
If the sample can be formed into a sufficiently thin film then it can be measured directly by 
transmission. However, if  this is not possible, the simplest means o f  making a measurement 
is to disperse a small quantity o f  finely ground sample material in a non-absorbing medium 
such as potassium bromide or sodium chloride and pressing the mixture under high 
pressure to form a thin transparent pellet. For simple organic compounds this is very 
simple and effective. Unfortunately, problems are often encountered when trying to use 
polymeric samples which are often hard to grind and difficult to disperse uniformly in a salt 
matrix. Two alternative methods which are gaining popularity in polymer science are 
diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS)65 and attenuated
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total reflectance (ATR)7,65. DRIFTS is the method used in this project to analyse polymeric 
materials which could not be readily isolated as free-standing films.
2.3.2.1. Diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS)
When a beam o f  light is incident on a reflecting surface a certain percentage o f the
radiation penetrates the surface before re-radiation. While this radiation is in the bulk o f
the sample it can interact with the electric component o f  the molecular dipole and energy
transfer can take place. Diffuse radiation from a powdered material will, therefore, exhibit
a spectral distribution characteristic o f  the materials absorption spectrum. When a beam is
reflected o ff the surface o f  a material, only a very thin layer o f  the material experiences the
effect o f  the radiation. In consequence the radiation only interacts with a small percentage
o f  the total sample mass o f  the sample. However, if  the sample is powdered, internal
reflections between the individual particles o f  the sample can result in a very long
interaction pathlength for the incoming beam before it leaves the sample as diffuse
radiation. This diffuse radiation has interacted strongly with the sample and can be used to
collect a diffuse IR reflectance spectrum.
Figure 2.2 Schematic representation of diffuse reflectance Fourier transform IR  spectroscopy 
(DRIFTS)
All wavelengths are reflected from the surface o f  a diffuse sample and consequently there 
is less difference between the intensities at wavelengths at which the sample absorbs and 
those at which it does not. The result o f  this is that the spectrum obtained from a DRIFTS 
experiment looks very different to that obtained by traditional transmission spectroscopy. 
To make the spectrum easier to interpret the transmission units are converted to Kubleka- 
Munk units using the following algorithm to accentuate differences in the signal by a 
quadratic function7.
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Kubelka -  Munk Units =   — Equation 2.2
2T *
where T is the transmittance from the DRIFTS measurement a given wavelength.
2.3.3. Quantitative DR spectroscopy - hemispherical radiometric measurements
As stated in Chapter 1, the emissivity o f  a material varies as a function o f the angle o f  
detection or illumination (i.e. it can be said to be directional)66. So, to account properly 
for all the radiation transmitted and reflected from a sample(allowing the absolute 
emissivity to be calculated), it is necessary to use a method which can measure reflectance 
and transmittance for any given angle. To do this it is necessary to measure the diffuse and 
the collimated transmission and reflection from a sample to allow an accurate set o f  
hemispherical absorption coefficients to be derived. For studies involving thermal transfer 
from selective radiators such as organic polymers, it is also useful to calculate the 
emissivity o f  a material for each wavelength to give a hemispherical directional emission 
spectrum. These measurements can be made with a hemispherical directional reflectometer 
(HDR)66'68, which can make measurements in both transmittance and reflectance modes. 
HDR’s are usually attached to standard FTIR interferometers.
The SOC-100 HDR (manufactured by Surface Optics Corporation) is illustrated in Figure 
2.4 and Figure 2.5. The operation o f  the instrument is described below for reflectance and 
transmittance measurements. The FTIR used with the SOC-100 reflectometer was a 
Nicolet Magna Series 4 instrument capable o f  making measurements between wavelengths 
o f  2-25 pm.
The SOC-100 HDR is different from other HDR instruments66,68. Whereas most HDR 
instruments illuminate the sample at a single angle and use an integrating sphere to collect 
the diffuse radiation, the SOC-100 illuminates the sample from all angles simultaneously by 
means o f  a gold hemi-ellipsoidal mirror, and makes a reflectance or transmittance 
measurement at one angle only by reflecting the component o f  the reflected radiation at the 
chosen angle by a small mirror mounted on a moveable arm. This arm moves in unison 
with a directing mirror and the polariser element assembly to direct the signal into the 
interferometer o f  the FTIR. The arm can assume any position between ±90° above the 
sample to make reflectance measurements or can adopt a position at 90° below the sample
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to allow norm al hemispherical transmittance measurements to be made. When the sample 
is illuminated from all angles, the component measured is the hemispherical reflectance or 
transmittance (HDR or HDT). A  light blocker on a moving arm can be placed in a position 
to block out the component o f  the illuminating radiation which corresponds to collimated 
illumination. When this energy partition is in place, the sample is illuminated at the angles 
used to determine the diffuse component o f  the transmittance (DDT) or reflectance 
(DDR). By subtracting the diffuse measurement from the hemispherical measurement, the 
collimated reflectance or transmittance (CDR or CDT respectively) o f  the sample can be 
determined accurately. The results obtained from this type o f hemi-ellipsoidal HDR have 
been shown to be as good if  not better than those obtained using more traditional 
instrumentation.65
The source for the reflectometer is kept at 600 °C and is covered by a shutter when a 
measurement is not being made to limit thermal loading o f  the sample compartment. The 
FTIR is essentially run in in terleaved  mode for both the transmittance and reflectance 
measurements. A  background spectrum is measured between each sample spectrum and is 
subtracted to remove the absorptions due to atmospheric gases. To minimise the 
interference o f  atmospheric absorption a dry, carbon-dioxide-free air flow is maintained 
through the sample compartment throughout the measurement. The sample mount 
translates back and forth by means o f  a servo-motor. In reflectance mode this oscillation 
moves the sample out o f  the detection point (see Figure 2.4) and in doing so places a 
specular gold reference sample (p  -  1) in its place. When making a transmittance 
measurement, the sample is simply moved out o f the way and a background is taken on 
free space.
2.3.3.1.HDR/IID T Analysis o f Commercial Films
As part o f  the commissioning o f the SOC-100, a number o f  commercial polymer films 
were analysed to determine the HDT, HDR and hence the hemispherical directional 
emissivity (HDE) for each sample. The SOC-100 can only make normal transmission 
measurements. Thus, all the samples were subjected to HDT measurements at 0°. The 
angle for the HDR measurement was 5°. This is the angle closest to normal at which a 
measurement can be made with the SOC-100. The emissivities are quoted for normal 
illumination (0°). Although this is not strictly valid as both the HDT and the HDR
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measurements should be made at the same angle. Given that all the samples being 
measured are amorphous it is reasonable to assume that the reflectance at 5° will be for all 
purposes the same as the reflectance at 0°.
The following materials were analysed: polyamide-6, polyamide-66, polyamide-46, low- 
density polyethylene (LDPE), the two SEBS samples (Kraton  KX601, K raton  GS1650) 
and a sample o f  a crosslinked aromatic cyanurate film prepared by interfacial 
polycondensation o f cyanuric chloride and dihydroxy-diphenyl ether (see Chapter 4) 
according to a method published by Picklesmeyer. The HDT, HDR and the calculated 
HDE results for each material are summarised in Table 2.1. For reference and comparison 
transmission spectra for LDPE, the crosslinked cyanurate, the polyurethane film and one 
SEBS elastomer are presented in Figure 2.3.
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Chapter 2 Analytical Methods
2.3.3.2. Normalisation o f emissivity to standard thickness
To allow comparison o f  samples o f  different thickness, it is necessary to extrapolate the 
result obtained to a standard thickness for all samples. Ideally this should have been done 
using two thickness o f  film to derive the absorption coefficient for the material and to use 
these in conjunction with Beers Law to give the normalised value. However, with many 
samples it was only possible to obtain samples at a single thickness which were o f  
adequate quality to make a reliable measurement. In these instances it was necessary to 
use an approximate method to estimate the emissivity at 50 pm. This was achieved by 
taking a film o f  zero thickness (i.e. no film) to have 100% transmittance and to use a two 
point fit to extrapolate or interpolate the transmittance o f the sample for a thickness o f  50 
pm. The estimated transmittance, reflectance and emittance values, normalised to a 
thickness o f  50 pm are tabulated in Table 2.2. It should be noted that these values are 
estimates as a one point extrapolation or interpolation. This is inadequate to allow 
significant limits o f accuracy to be determined. The calculations have been undertaken 
simply to assist in comparing the various materials.
Polyolefin samples on the whole, have relatively simple structures and generally have small 
structural repeat units. This results in sharp spectral features despite the fact that certain 
bands are very strong (notably the C-H stretches in the 3-5 pm region). As a result o f  this 
they are generally highly transmissive in the infrared. The elevated transparency o f  
polyethylene (LDPE) is a very good example o f  this. Samples which absorb across a small 
range o f  a given spectral region are described in this work in terms o f  a saturation  
bandwidth, which could be considered as the combined widths o f  all the bands in the 
materials emission spectrum which in turn describes the bandwidth across which the 
material has the potential to be opaque. A sample which absorbs over a very narrow range 
o f  wavelengths (i.e. which has few, narrow bands or a large number o f coincident bands) 
could be described as having a narrow saturation bandwidth, whilst a material which 
absorbs over a wide range o f  wavelengths would be described as having a broad saturation 
bandwidth. It is important to make the distinction between the potential o f  a material to 
absorb (and therefore emit) radiation across a spectral range and its absorbance which 
defines how much radiation is absorbed per unit pathlength through the sample. This 
concept is useful when considering the potential o f a polymer to emit across a particular 
spectral range and will be referred to in subsequent chapters.
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The SEBS elastomers KX601 and GS1580 exhibit the same IR bands as LDPE at similar 
intensities. In addition to these, however, other bands are visible between 3-5 and 8-12 pm 
which correspond to the aromatic units introduced into the polymer by the incorporation 
o f  the styrene monomer. Whilst the difference between K raton K X 601  (15% bound 
styrene by weight) and Kraton G 1650  (30% bound styrene by weight) is not considered 
significant it is interesting to note that copolymerisation increases the number o f different 
structural units thus increasing the number o f  different bands which in turn increases the 
emissivity o f  the resulting polymer. Despite the increased saturation bandwidth o f  these 
SEBS compared to that o f LDPE, they still exhibit excellent transparency in the 3-5 and 8- 
12 pm detection windows and easily meet the spectral requirements for LO binders 
outlined in the previous chapter.
The polyamide samples exhibit low transparency in the 3-5 pm detection window due to 
the presence o f  N-H bonds in the polymer which give rise to a strong absorption centred 
around 3.1 pm. Additionally, strong C-H stretching modes are apparent in all aliphatic 
hydrocarbons. In the 8-12 pm region the emissivity is even higher. Polyamides are 
geometrically and chemically more complex than simple polyolefin materials. As a result o f  
this they exhibit more bands between 8 and 12 pm. In general, polymers involving 
heteroatoms in anything other than simple linear structures or in any aromatic units, will 
exhibit significantly lower transparency and hence higher emissivity than polyolefins 
between 8 and 12 pm.
Between 3 and 5 pm the polyurethane (PU) sample has an emissivity o f  0.26 which is 
considered quite reasonable for use as a LO binder. However, any improvement on this 
would be useful. In the 8-12 pm detection window, the PU sample suffers from the same 
problems as the polyamides and with an emissivity o f  0.64 is considered unsuitable for use 
at thicknesses o f  50 p m .
Between 3 and 5 pm, the 15 pm thick crosslinked cyanurate film, prepared by the 
interfacial polycondensation o f  dihydroxy-diphenylether and cyanuric chloride (see 
Chapter 4 for further details) exhibits low emissivity (£=0.11). Although normalisation to 
50 pm gives an estimated emissivity o f  0.32, the material still shows promise and is just as 
acceptable as the polyurethane material if  measured against the requirements for the 
project. Between 8 and 12 pm, again at thin film thicknesses the transparency looks good
2.3 Infrared (IR) Spectroscopy
Chapter 2 Analytical Methods
and a one point normalisation to 50 pm gives an estimated emissivity o f  0.44. This is 
higher than would be acceptable for an LO binder but shows a significant improvement 
upon the emissivity o f  the polyurethane binders currently employed.
It should be borne in mind that the other physical properties o f  the samples must be taken 
into account. However, in terms o f emissivity, the cyanurate material seems to be at least 
as good as, if not slightly better than, the polyurethane materials currently employed, when 
both the 3-5 and the 8-12 pm region are considered together. The other criteria which 
must be taken into account when choosing a binder include thermal and thermomechanical 
stability. Many o f  the materials which are highly transparent fail to meet the other 
requirements in terms o f  polymer softening or melt temperature or in terms o f  thermo- 
oxidative stability. The methods used to assess these are described in the following 
sections.
2.3 Infrared (IR) Spectroscopy
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2.4. Introduction to Thermal Analysis
Thermal analysis is a term frequently used to describe analytical experimental techniques 
which investigate the behaviour of a sample as a function of temperature. A wide range of 
physical aspects of the behaviour of a sample can be studied including: weight loss 
(gravimetry), enthalpic changes (calorimetry), changes in modulus (dynamic mechanical 
analysis) or changes in physical dimensions (dilatometry). This project uses two of the 
methods: thermogravimetric analysis (TGA) in which the weight loss behaviour of a 
sample is studied as a function of temperature and time and differential scanning 
calorimetry (DSC) in which the enthalpic changes in a sample are compared to those 
observed in a inert physically stable sample, as a function of temperature and time. This 
section can only outline these two highly developed, well established methods briefly. 
Each method is dealt with in turn and DSC and TGA data are presented for some of the 
test samples listed in the previous section.
2.5. Thermogravimetric Analysis (TGA)
Thermogravimetry is the branch of thermal analysis which examines the mass change of a 
sample as a function of temperature. This study is made either as a function of temperature 
in dynamic mode or as a function of time when the study is being made isothermally. Not 
all thermal events bring about a change in the mass of the sample (for example melting, 
crystallisation or glass transition). However, there are a number of very important thermal 
events which do, including: desorption, absorption, sublimation, vaporisation, oxidation, 
reduction and decomposition. TGA can be used to characterise the decomposition and 
thermal stability of materials under a variety of conditions and to examine the physico­
chemical kinetics of any process occurring in the sample which gives rise to a change in 
weight. The mass change characteristics are strongly dependent on the experimental 
conditions employed. Factors such as sample mass, volume and physical form, the shape 
and nature of the sample pan, the nature and pressure of the atmosphere in the sample 
chamber and the scanning rate can affect the nature of the recorded TGA curve.
The horizontal axis of a TGA curve is temperature or time for dynamic and isothermal 
experiments respectively. Although the method gives an absolute measure of weight loss,
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percentage or original weight is most often used as the vertical axis o f  TGA curves. This 
facilitates the direct comparison o f samples o f  slightly different weights. In this thesis all 
TGA curves are plotted in terms o f  percentage o f  original weight.
However, to conserve space and to facilitate the comparison o f  various datasets, many 
figures in this thesis contain plots in which more than one TGA curve is overlaid and the 
start o f  the curve is displaced from 100% to minimise overlap o f  the various plots. The 
scales on TGA curves thus presented should be taken as being relative and not absolute. 
Zero deviation from the initial position on the plot indicates that the sample is at 100% o f  
its original weight and the marking on the vertical axis serve as a scale to help quantify the 
percentage weight loss. Certain points can be determined from TGA curves including: the 
onset o f  weight loss (measured by taking the point at which the curve deviates from 
100%; a series o f  decomposition marker temperatures denoted Tx% (or tx% for isothermal 
studies/ which correspond to the points at which at x %  weight loss is observed and Tmax 
(or tmax for isothermal studies) which corresponds to the points o f  maximum weight loss as 
determined from the peak o f  the first derivative o f  the weight loss curve.
In recent years TGA has been coupled to other useful analytical methods such as gas- 
chromatography (TGA-GC), mass-spectroscopy (TGA-MS) and Fourier transform 
infrared spectroscopy (TGA-FTIR). This allows additional information about the nature o f  
gases evolved to be collected which assist greatly in understanding the processes involved 
which give rise to a loss o f  mass in the sample.
2.5.1. TGA instrumentation
TGA curves are always acquired using a therm obalance. The main elements o f  all 
thermobalances are the same: an electronic microbalance, a furnace, a temperature control 
circuit and an instrument for simultaneously recording the output data from each part o f  
the instrument. In modem instruments this is invariably a computer. The instrument 
employed m this project was a ‘Shimadzu TGA-50 Thermogravimetric Analyser’. A  
schematic diagram o f  the instrument, which is based around a cantilever type microbalance 
can be seen in Figure 2.6
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2.5.1.1. Calibration o f the TGA-50
Because o f  the furnace geometry o f  the TGA-50 it is not possible to place a strong magnet 
below the balance mechanism to allow the thermocouple to calibrate by using Curie points 
which is the most commonly used TGA calibration method. Instead, a more direct drop-  
m ethod  has to be used. A  two point calibration was used using high purity (>99.99%) 
indium and zinc wire. A weight is suspended from the drop-down wire by a very thin piece 
o f  the calibration standard o f  known melting point which is positioned as close to the tip 
o f  the thermocouple as possible. When the furnace reaches the temperature o f fusion o f  
the calibrant it melts, allowing the weight to drop. This registers on the thermobalance as a 
sudden drop in weight. By doing this with two calibrants with different melting points it is 
possible to calculate a linear, two-point calibration curve for the thermocouple.
Figure 2.6 Shimadzu TGA-50 Thermogravimetric Analyser 
2.5.2. Dynamic and isothermal T G A  experiments
In the course o f  this project TGA was used in two ways. The first was as a screening 
method to ensure that samples would not decompose below the maximum analysis 
temperature proposed for DSC analyses and to determine the residual solvent content o f
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polymers after purification and drying. This type o f analysis was performed in an inert 
atmosphere, nitrogen, at a flowrate o f  50 cm0.min'1. The second was to establish the 
thermal stability o f materials in air (the thermo-oxidative stability). This was done by 
carrying out the analysis under a flow o f  air (passed at 50 cm3.min-1).
In dynamic TGA experiments, there is inevitably a thermal lag between the thermocouple, 
the furnace and the sample. This means that during a heating cycle the thermocouple 
always measures a slightly higher temperature than the true sample temperature. This 
effect is more accentuated the faster the heating rate employed. If the temperature is 
increased very slowly then the sample will appear to decompose at a lower temperature 
than if  it were heated quickly. To maintain consistency throughout all studies a heating 
rate o f  20 K.min'1 was used for all dynamic studies.
Isothermal studies can be used to determine the service lifetime o f  a polymer at a 
particular temperature for a given atmosphere. During an isothermal experiment, the 
temperature o f  the sample is ramped to the isothermal analysis temperature very quickly 
(at 99 K.min'1) and is kept constant at that temperature while the change in mass is 
monitored. The weight loss is studied as a function o f  time, and is always quoted for a 
specific temperature.
The dynamic study is generally used to probe the overall stability o f  a material and to 
allow rapid comparison o f  the thermal stabilities o f  a number o f  different materials. In 
contrast, the more lengthy, isothermal experiment tends to be used to study the thermo- 
dissociative and thermo-oxidative stabilities o f  a smaller set o f materials in closer detail 
and in some instances to monitor differences in decomposition kinetics.
2.5.3. TGA of test materials.
The samples analysed in the previous section by HDR/HDT were subjected to a dynamic 
TGA analysis under nitrogen. Each sample was heated at 20 K.min'1 from ambient to 490 
°C. The flowrate o f  nitrogen was 50 cm/min'1 in each case. The results from these 
analyses can be seen in Table 2.3 and give an indication o f  the relative thermal stabilities o f  
the different materials.
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The polyamides and the polyurethane samples all exhibited significant weight loss above 
100 °C. The onset o f degradation was not well defined for either o f  these samples. This 
could be indicative o f  the presence o f  a significant quantity o f  solvent or residual 
monomer. The main conclusion to be drawn from the TGA curves o f  these samples is that 
they are insufficiently stable to be used continuously at 190 °C. SEBS samples and low  
density polyethylene did not show any signs o f  decomposition until temperatures in excess 
o f  280 °C. However, after the onset o f  decomposition, these polymers degraded quickly 
giving very low char yields.
Table 2.3 Thermal stability of test materials in nitrogen (flowrate 50 cn/.m in1)
Polymer Ti%
(°C)
t2%
(°C)
t3%
C Q
T$%
C O
Tiovo
C O
Tzo%
C Q C O
% Residue 
at 490 °C
LDPE 368 392 403 413 427 443 474 5
Polyamide 6 71 89 108 388 418 440 470 5
Polyamide 46 50 63 342 389 416 440 470 8
Polyamide 66 74 96 380 406 424 440 467 8
KratonKX601 312 331 340 351 360 370 376 4
Kraton GS1580 288 297 303 315 332 350 386 5
2 pack-polyurethaneb 70 117 141 171 270 345 453 12
Crosslinked 
Cyanurate of DHPE
170 180 190 200 275 360 430 40
In contrast to the polyolefins, the polycyanurate material shows a weight loss at lower 
temperature but has a higher char yield at 490 °C (approximately 40%). The initial weight 
loss does not appear to be indicative o f  critical decomposition as it reaches a plateau at 
about 200 °C corresponding to about 5% weight loss. This may, in part, be due to
a Temperature of maximum weight loss determined from first derivative of weight loss curve 
b PU501 - polyurethane 2-pack formulation containing hexamethylene diisocyanate (HMDI) and polyol curing agent.
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elimination o f trapped water or organic solvent from the crosslinked system. Literature 
suggests that cyanurate films formed by static interfacial polymerisation o f cyanuric 
chloride with aromatic diols are predominantly crosslinked. This is borne out by the 
observation that the films produced in this section were insoluble in all organic solvents 
and were practically impossible to purify by any means other than washing prior to 
analysis. The comparatively high thermal stability o f  aromatic cyanurate networks is well 
documented and onset o f  weight loss due to degradation would not be expected until at 
least 300 °C. This would be in keeping with the temperature o f  maximum degradation 
being 430 °C.
If the TGA data were to be taken in isolation, the poly(olefin) materials would seem to be 
suitable for the application described previously, exhibiting both high transparency and 
resistance to thermal degradation. Given the scope for improvement by increasing its 
purity the cyanurate material also looks to have some potential especially when its high 
char yield is taken into account. However, thermochemical stability is not sufficient in 
itself to guarantee that a material can be used in a particular application. The mechanical 
stability o f  the material is equally important and to study this as a function o f  temperature 
requires a second thermal analytical technique. DSC can be a useful aid in investigating 
changes in state o f  a variety o f  materials and is discussed in the next section.
2.6. Differential Scanning Calorimetry (DSC)
DSC is a thermal analysis method which can be used to determine the energy (or enthalpy) 
changes in a substance as it is subjected to a change in temperature. The analysis is based 
on a measurement o f temperature and either spontaneous or compensating heat-fluxes. 
Some DSC instruments use a heat com pensation m ethod  in which heat is supplied to 
either the reference or the sample to keep them at the same temperature throughout the 
course o f  the preprogrammed thermal treatment. Studying the difference in temperature 
between the sample and reference can also be used to acquire similar information. When 
the temperature difference between a sample and reference is used the instrument is 
described as a heat-flux D S C 72.
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The Shimadzu DSC-50 instalment used in this thesis is a heat-flux DSC. In the course o f  
an analysis, the sample and reference material (usually a-alumina) are put into crimped 
aluminium pans and placed onto the metal heating plate o f  the DSC furnace. The latter 
acts as a heat source, delivering heat to the sample and reference material. The difference 
in the rate o f  thermal transfer from the furnace to the sample and reference materials 
should be proportional to the difference in temperature between them. This temperature 
difference is measured by means o f  a differential thermocouple which is placed in single­
point contact with the sample and the reference material through an iconel alloy base­
plate. Measuring the difference in temperature in this way indirectly allows the heat-flux 
(measured in mW or mJ.s'1 ) to be obtained. A  second thermocouple is used to measure 
the temperature o f  the furnace. A  circulation o f  water is maintained around the outside o f  
the furnace to help keep its thermal environment stable. A  flow o f  nitrogen is maintained 
throughout the analysis to prevent oxidation o f  the sample and to reduce fouling o f  the 
DSC head.
The calibration o f  the instrument was carried out using the melting points o f zinc and 
indium to define the two extremes o f  the linear calibration plot. In all measurements an 
atmospheric flowrate o f  25 to 30 cm/min"1 was used.
Figure 2.7 Schematic of heat-flux differential scanning calorimeter
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2.6.1. Thermal events measured by DSC.
Any change in the sample which results in the uptake or release o f  energy which is above 
the minimum detection limit o f the instrument (ca. lOgW in this case) will be detected. All 
DSC instruments have a characteristic baseline and associated changes in baseline which 
occur when the heating rate o f the furnace is changed. The gradient o f  the baseline is 
dependent on the difference in equilibration rates o f the reference compared to that o f  the 
sample and any thermal losses from the DSC head. It is strongly affected by factors such 
as sample mass, sample heat capacity, furnace geometry, heating rate and atmospheric 
flowrate.
Melting transitions are invariably endothermic and are displayed on the DSC-50 as a 
downwards peak from the baseline. If the material is crystalline a sharp, well defined melt 
endotherm is usually observed. Multiphasic materials can give rise to more than one melt 
endotherm, each one corresponding to the melt o f  a different phase within the sample.
Exothermic chemical reactions or crystallisations release energy from the sample in the 
form o f  heat. This is detected by the DSC-50 as a positive peak from the baseline. Some 
peaks are very broad, others sharp and well defined. The area bounded by an endothermic 
or exothermic peak and an extrapolation o f  the baseline by a tangential method gives the 
enthalpy change for that transition. With polymeric samples this is often quoted in units o f  
J.g'1, but for discrete chemical compounds or elements can easily be converted into J.mol'1 
by multiplying by the sample molar mass.
The shape o f  exotherms are very dependent on the kinetics o f  the changes taking place in 
the sample and in many instances can be subjected to a rigorous kinetic analysis based 
upon a postulated kinetic scheme to yield the Arrhenius parameters including the 
activation energies for the net energetic change which is taking place. Further details o f  
such an approach is given in Chapter 4.
When a sample undergoes certain relaxation transitions, its heat capacity (Cp) can change. 
This gives rise to a deflection in the baseline during a DSC experiment. An abrupt change 
in Cp is observed when a material passes through its glass transition at a temperature ( Tg\  
more heat is taken up by the sample and the during the period it takes for the system to 
reach equilibration the negative gradient o f  the DSC increases. This can be explained in
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simple terms by considering the nature o f  the glass transition. Above Tg, polymer chains 
gain translational freedom with respect to one another, moving by concerted rotation 
about backbone torsions. This enables the system to absorb more heat and to store it as 
molecular kinetic energy, thus increasing its heat capacity. The glass transition in some 
polymers can be very weak and can be difficult to assign with absolute certainty. As the 
transition is directly related to the response o f  the polymer chains to the change in 
temperature, the heating or cooling rate used in the experiment to determine the glass 
transition can have a profound effect on its measured value. Thermal history also has an 
effect. To allow comparison o f  different samples, it is essential that, whenever possible, a 
standard method o f  analysis is employed. A typical approach to Tg determination would 
involve heating the sample to above its holding it at that temperature to reduce the 
effect o f  previous thermal treatments, cooling it to below Tg and then re-heating it through 
its Tg at a standard rate to allow accurate determination. According to ASTM D341873 a 
heating rate o f  20 K.min’1 is standard for Tg determination. Details o f methods used for 
the interpretation o f  DSC peaks are given in the experimental chapters.
Figure 2.8 shows the typical form o f  three commonly encountered types o f  transition: a 
glass transition, an exotherm and an endotherm.
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Figure 2.8 Thermal events as determined by DSC
2.6.2. Limitations o f DSC
Whilst DSC provides a quick and very useful tool for investigating the thermal properties 
o f  polymers it is by no means exhaustive in the information it can provide. Hence, caution
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should be exercised when interpreting DSC curves without additional supporting 
evidence. The very least that is required is a TGA curve to enable any mass changes in the 
sample to be identified. Interpretation o f  DSC curves can be seriously complicated when 
more than one thermal transition arises simultaneously. When this occurs it is important to 
look to other methods for additional information. For Tg determination it is preferable to 
use more than one method such as DMA to make a comparative measurement. 
Unfortunately DM A was not available in this project.
2.6.3. DSC analysis of test materials
The materials which were analysed by TGA were subjected to a DSC analysis from 
ambient to the maximum temperature possible without significant sample degradation. In 
each case the atmosphere used was nitrogen which was passed through the cell at 30 
cm3.min'1. The heating rate used in each analysis was 10 K.min'1. The curves obtained can 
be seen below
DSC
Temp[C]
Figure 2.9 DSC curves of test materials
The DSC curves provide some interesting information about the suitability o f  each 
material for use as a binder with a upper service temperature o f  190 °C. The LDPE sample 
is patently unsuitable as it melts at 110 °C after undergoing a broad softening transition 
between 45 and 90 °C. Polyamides 66 and 46 samples do not melt completely until over
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220 °C. However, the onset o f  their melt exotherms are very close to 190 °C. It is almost 
certain that their physical resilience will be significantly reduced at 190 °C and thus fall 
short o f  the project requirements on the grounds o f inadequate thermomechanical stability. 
Polyamide 6, however does not appear to start softening until close to 230 °C and were it 
soluble could have potential. The polyurethane does not exhibit any strong thermal 
transitions although a very broad endotherm is apparent between 120 and 180 °C. This is 
probably indicative o f  a slow softening transition. Softening transitions in flexible chain 
materials are often difficult to identify by DSC and other thermal analysis methods such as 
thermomechanical analysis (TMA) are more suitable. The polycyanurate material does not 
appear to have any visible softening transitions although a strong exotherm is apparent in 
the vicinity o f  220 °C. The nature o f  the change which gives rise to this peak is not 
immediately obvious especially in light o f  the fact that it occurs over a temperature range 
which does not correspond to a significant weight loss. Picklesmeyer has suggested that in 
the formation o f  the crosslinked films by the interfacial condensation o f  cyanuric chloride 
with bisphenols, a certain percentage o f  monomer reacts to give linear chains as opposed 
to the idealised crosslinked structure69.The prior art, however, suggests that linear 
cyanurates undergo crystallisation at temperatures close to 200 °C59 and so the exotherm 
observed could well indicate crystallisation o f the linear polymeric or oligomeric 
components o f  the polymer.
2.7. Gel Permeation Chromatography (GPC)
2.7.1. Principles o f GPC
The molecular weight distribution (MWD) and molecular weight averages o f  a polymer 
have a significant effect on its properties. A  knowledge o f  these two parameters is 
fundamental to the complete characterisation o f  a polymer. Determining the MWD can be 
achieved by traditional fractionation methods but is very time consuming. Gel-permeation 
chromatography (GPC) or size-exclusion chromatography, as it is also known, provides a 
fast method o f  determining the MWD. The method relies on the use o f  mechanically 
stable, highly crosslinked gels which have a variety o f pore sizes and which by means o f  a 
sieving action separates polymer samples into fractions based on their hydrodynamic 
volumes in solution.
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The non-ionic stationary gel phase is commonly composed of crosslinked polystyrene or 
macroporous silica beads. These materials are chosen as they exhibit minimal swelling in 
commonly used mobile phases. A range of pore sizes is essential for efficient separation by 
this method. Two processes play a part in separation processes in GPC42:
1. Size-exclusion: As the sample molecules pass down the column, the larger ones are 
excluded from the pores in polymer beads of the stationary phase. The smaller 
molecules can fit inside the pores and enter them. As a result of this sieving action the 
smaller molecules are retained in preference to the larger ones. Size exclusion is the 
major separative process in GPC and thus choosing a series of columns with an 
appropriate range of pore sizes is essential in achieving a fast, effective separation.
2. Dispersion: This gives rise to apparent broadening of the molecular weight 
distributions. Smaller molecules tend to have greater diffusion coefficients than larger 
ones and as a result diffuse in and out of the pores in the column more readily. The 
result of this is that the smaller molecules are retained for longer in their passage down 
the column than their larger counterparts. The dispersion effect is small with respect to 
the size exclusion effect described above.
2.7.2. Molecular mass averages
In a simple compound a distinct molecular weight can be assigned to the substance. This is 
not the case with high molecular weight polymers. This arises from the fact that most 
polymerisations are processes in which chain growth occurs by random events and as a 
result a statistical distribution of chain lengths is observed. In consequence, a polymer is 
best characterised in terms of the MWD. This can be described by a number of different 
molecular mass averages.
If a colligative method such as osmotic pressure (which detects the number of molecules 
in a sample) is used to determine the molecular mass, a number average molar mass ( 
is obtained which is described by the equation:
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— y n m  y>.-
M „  = , ,  .* Equation 2 .3
Where A(- is the number o f  molecules o f  species o f  molar mass M f , The alternative form o f
the equation also quoted in Equation 1.3 is given in terms o f  the mass o f  the sample
Wj ~ N M /N a where Na is Avogadro’s number.
Other methods such as light scattering are dependent on the size o f  the molecules rather 
than their number. When an average is calculated which is statistically weighted by the size 
o f the molecules in the sample, a weight average molar mass ( M w) is obtained which is 
defined as
_  T to -M 2M w =  ------------- = — ------- Equation 2 .4
Y ,n m  2 > ,
Other averages which are commonly encountered are the z and z + 1  averages which are 
given in equations 1.5 and 1.6
— T  to Aft3 T w iM f
M r g  V = v 5  -  Equation 2.5
Z N ,M ?  I > , M
_  T N . M f
M z +1 = -===— 1— r- Equation 2 .6
The z + 1  average is often used when described mechanical properties. The number and 
weight molecular mass averages can be used to describe the spread o f  molecular weights 
or polyd ispersity  which is defined as the ratio o f  M w to M „.
2.7.3. M easurement o f molecular weight
To enable the calculation o f  the molecular weight averages described in the preceding 
section a method is required which can determine the molecular weights o f  the polymer 
fractions as they are eluted from the column. A  refractive index is often used to detect 
chains o f  different weights and the response o f  the detector can be compared to a suitable 
set o f  calibration standards. However, this does not allow absolute molecular weight 
averages to be calculated and hence a more sophisticated detection method is required.
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The efficiency o f  the separation o f  a series o f  columns is a function o f  the volume o f  
solvent required to elute the sample. This is referred to as the retention volume (Vp). It is 
related to the molar mass o f  each component indirectly through the molecules 
hydrodynamic volume. The value o f  VR is a function o f  the interstitial void volume (Vo) 
and the accessible part o f the pore volume in the column material (V ) by the following 
equation
VR — Vq + K dV; Equation 2 .7
where K D is the partition coefficient between Vf and the portion accessible to free solvent. 
Thus, for large molecules which are excluded completely from the pores K D =  0  and 
elution is veiy rapid (VR is small) and for small molecules which can diffuse readily into 
the complete pore volume, K D = 1 giving rise to a larger retention volume. It is generally 
accepted that for samples within a particular molecular weight range a universal 
calibration curve can be constructed to relate VR to the molar mass o f  a component. This is 
based on the assumption that the hydrodynamic volume o f  a molecule can be related to the 
product M q, where M  is the molar mass o f  a given polymer chain and q  is the intrinsic 
viscosity o f  the polymer in the mobile phase at the temperature o f  the separation. By 
plotting log(q ).M  against VR a universal calibration curve is obtained which, if  the 
molecular weights o f  the polymer chains eluted from the column during the analysis are 
known, allows the MWD to be calculated74. The molar mass o f  the polymer chain is 
usually measured using refractive index (RI), ultraviolet (UV) or infrared (IR) detectors 
which all give a measurement o f  the molar mass distribution as a function o f retention 
volume. However, in order to calculate the MWD curve the mass o f  each fraction must be 
calculated.
On the assumption that the universal calibration curve is valid for the system being 
studied, the following is true
lo g f ^ M , = \og[q]uM u Equation 2.8
where the subscripts s and u denote the standard calibration material and the polymer 
under consideration. Different polymers interact with solvents in different ways giving rise 
to significant variations in their hydrodynamic volumes for chains o f  a given molar mass. 
To compensate for this a correction based on the Mark-Houwink relations for the sample
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and reference polymers in the mobile phase can be applied. From the Mark-Houwink 
equation it can be written that
[77] = K SM V/
Equation 2 .9
[77],,
where K s, K s, vs an d  v« are the Mark-Houwink constants for the standard and unknown 
samples respectively. The molar mass for the unknown polymer (My) can, therefore, be 
calculated according to the equation
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log M u -  — log
1 + v.
E l
K„
1 + v
+   . log M s Equation 2 .10
1 + v„
which is obtained by substitution o f  Equation 1.5 into Equation 1.4 and subsequent re­
arrangement. The implication o f  this is that a calibration curve generated using a standard 
material such as polystyrene can be used to calculate the MWD for another polymer if  the 
Mark-Houwink constants are known for both the standard and the unknown.
When examining novel polymers, the Mark-Houwink constants are rarely known and a 
valid correction cannot be applied. However, this problem can be circumvented if a dual 
detector combining a viscometric and RI detection is used as this provides a continuous 
measure o f the specific viscosity (rjsp)  o f  the sample and its mass. Based on the assumption 
that for dilute solutions o f  concentration c, q  & ?js/ c  the molar mass can be calculated 
from the Mark-Houwink equation (equation).
2.7.3.1.Instrumentation
A  Waters 150CV- Gel permeation chromatograph equipped with a dual Rl/Viscometric 
detector was used in this project. Waters /u-Styragel-HT  columns ( 106, 105, 104, 103 A) 
were employed using A, A-dimethyl acetamide (DMAc) with 1% lithium chloride as the 
solvent. In all instances the column was run at a temperature o f 60 °C. Calibration was 
carried out using polysaccharide standards (dextran) with molecular weights between 
853000 and 5800 Daltons.
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2.7.4. Interpretation of GPC data
In addition to the polydispersity described above, GPC data can allow other useful 
information about the nature of the polymer to be established. Most systems allow the 
calculation of a number of average molar masses for a given polymer. If the number 
average molar mass ( M „) is used a number average degree of polymerisation (xj) can be 
calculated according to the following equation42
xn = —JL Equation 2.11
M 0
where Mo is the molar mass o f the polymer repeat unit. This relationship can be used in 
conjunction with a simple statistical approach to yield the well known Carothers
42equation
xn = -  Equation 2.12
(l - P )
where p  is the extent of reaction for the polymerisation, which for an A-A/B-B step-wise 
polymerisation is given by42
2^o ~ Np —  a  Equation 2.13
2 N 0
When No is the number of molecules of each monomer at the start of the reaction and N  is 
the total number of molecules in the reaction mixture after a given time. The combination 
of these three equations can prove very useful when considering the residual groups 
present in a polymer at the end of the polymerisation. By measuring M» it is possible to 
obtain p  and from this it is possible to calculate the percentage of unreacted functional 
groups in the polymer (1-p). This is of particular importance when considering potential 
reactions of the end groups or interpreting micro-elemental analyses.
2.8. Nuclear Magnetic Resonance Spectroscopy (NMR)
NMR is a well established analytical technique which studies the relaxation of nuclei in a 
magnetic field when under the influence of a carefully controlled radio-frequency (RF) 
field. Useful information about the magnetic and hence chemical environment of each
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atom of the nucleus under consideration can be obtained from their individual relaxation 
frequencies. These are usually presented with reference to a particular standard in the form 
of parts per million (ppm). The reader is advised to consult one of the many texts on NMR 
spectroscopy for an in-depth description of the methods commonly used.
In simple polymer systems high resolution NMR can provide useful information about 
backbone and pendant group conformations. However, some polymers with complex 
structural repeat units give rise to more complicated splitting patterns. This can make the 
interpretation of any changes in splitting pattern due to conformational change difficult.
In this project the use of NMR has been restricted to the characterisation of monomers 
prior to polymerisation and qualitative evaluation of the polymers formed. When possible 
!H and 13C NMR spectra were mn using a Bruker EM-360 MHz Fourier Transform-NMR 
spectrometer equipped with a dual ^H/^C probe. In some instances the Distortionless 
Enhancement by Polarisation Transfer (DEPT) method75 was used to assist in the 
assignment of the 13C NMR spectra. All of the polymers were analysed in form of dilute 
solutions in deuterated chloroform.
For the characterisation of some materials a 60 MHz Jeol JNM-PMX-60 spectrometer 
was used.
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3.1. Computational Chemistry Background
Various approaches for predicting the behaviour of new materials can be used. These 
range from purely empirical models such as Van Krevlen’s Additive Molar Functions76 to 
highly intensive computational methods which solve Schroedinger's wave equation for a 
given chemical structure.
When attempting to predict the IR spectrum of a material there is no empirical approach 
which can be employed apart from the use of intuition and past knowledge to predict 
group frequency absorptions from the materials structural units. Some database systems 
provide automated access to some of this information77 but these are very limited in their 
predictive scope.
The motions of molecules and their interactions with other molecules are controlled by 
energetic potentials and thus models based on these potentials can yield useful results78. In 
order to model the energetics of a system the computational chemist employs the 
relationship between force and energy. By devising a model which describes the relative 
forces acting upon and within a molecular system it is possible to infer relative energetic 
contributions to the total energy of the system which can be used in a predictive fashion. 
The first stage of such an approach is the formulation of an appropriate energetic model. 
The accuracy of the model employed is determined by the property on which the 
calculation is focused, the physical processes which are at play in the real system, the size 
of the system under consideration and the importance of any external influences upon the 
system which might be important.
The most complex and computationally intensive method is an ab initio quantum 
mechanical treatment of the molecular orbitals of the system. The Schroedinger 
wavefiinction for the molecule is defined and solved. The resulting method allows very 
precise refinements of molecular geometry and provides highly accurate information 
relating to the energetic levels which exist within the system at zero energy conditions. 
Whilst ab initio methods provide a very powerful tool the need for extremely powerful 
computing facilities precludes their use in studies of systems much larger than 100 
atoms79.
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Owing to insufficient computational resources ab initio calculations have not been 
employed in this thesis. In order to reduce the amount of computational power required to 
model a system certain simplifications can be employed. It is possible to consider the 
molecular orbitals while only including the contributions of the valence orbitals in the 
energy calculation. When this is done parameters are set to take into account the different 
nuclear shielding effects by non-valence orbitals observed for each atom type. Such 
methods are referred to as semi-empirical (SE) quantum mechanical methods and provide 
a powerful tool for looking at medium sized molecular systems (up to about 250 atoms). 
Modem software packages such as MOPAC80 provide an accessible tool for carrying out 
semi-empirical calculations.
To model a molecule which is not at rest (in a dynamic state) a large number of 
calculations must be carried out on a single structure to allow its response to an external 
force to be calculated as a function of time. To make this feasible with readily available 
computational resources a method other than ab initio or SE quantum mechanical 
methods must be used. Molecular mechanics (MM)78 considers a molecule to consist of a 
network of atoms of known atomic weight and radius joined together by bonds of known 
length and strength. Discrete terms are introduced into the energy equation to account for 
the various interactions within the system. In this way very large molecular systems can be 
modelled and the method can be extended to calculate the molecular motion of a system as 
a function of time and temperature. Both SE and MM methods have been investigated in 
this work to assess their potential for use in the design of novel molecules with tailored IR 
properties. There follows an introduction to the principles of vibrational analysis and the 
simulation methods employed in this work.
3.2. Theoretical Background to IR Spectroscopy
As mentioned in the first chapter, IR EM radiation has wavelengths between 1 and 25 pm. 
The associated energy of this radiation is of the same order of magnitude as the bond 
energies o f organic molecules. In consequence organic molecules exposed to IR radiation 
tend to vibrate with frequencies characteristic of their constituent bonds.
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3.3. Normal modes of Vibration for Polyatomic Systems
The way in which a molecule vibrates is highly complicated and is random. To simplify 
analysis of the vibrations, a group of vibrational modes can be defined which, if combined 
in suitably weighted fashion, will describe all possible vibrational modes for a given 
molecule. This group of modes is referred to as the normal modes o f vibration for the 
molecule. There follows an outline of the basis of normal modes of vibration and their 
application in the interpretation of infrared spectra. For a more rigorous treatment the 
reader is advised to consult one of the many excellent texts on the subject81'83.
3.3.1. The origin of norma! modes.
In this presentation64 of the basis of molecular vibrations the simplest possible vibrational 
system is considered. This is a diatomic molecule consisting of atoms with masses of mi 
and m2 with an equilibrium bond length r0. The molecule vibrates such that at time t its 
bond length is r.
At equilibrium
At time t
Figure 3.1 Hypothetical diatomic molecule
The potential energy of the system at time t, V(r) can be described by assuming that the 
molecule behaves as a simple harmonic oscillator. The following equation holds
V(r) = V0 ~ ro f  Equation 3.1
where V0 is the zero-point energy of the bond pair and k  is the force constant for the bond 
stretch. A better description of the potential energy function is obtained if powers higher 
than 2 are considered. This complicates the calculations considerably and so powers 
greater than two are normally neglected. This is termed the harmonic approximation. As 
simple harmonic motion has been assumed, the system is considered to oscillate with a
r
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frequency which is characteristic of the force acting upon the atoms to return them to 
equilibrium. The frequency of this oscillation is given by
where v is the frequency of the oscillation and k  is the force constant as defined above.
The simple equation above for the potential energy of the system can be extended to 
describe the energy of a polyatomic molecule at any time t by summation of the individual 
displacements from equilibrium for every atom pair. This results in the equation below
where xaj for i = 1,2,3 represents the x, y, z co-ordinates of atom a with respect to the
of each atom pair to equilibrium. The equation is summed over ail a, i, b and j. From 
classical mechanics the potential energy of a system is linked to the force acting upon the 
atoms to restore them to their equilibrium positions by the equation below
where ma is the mass of atom a and kaUbj is the force constant for each atom pair ai,bj. If 
these equations presented so far are obeyed for all atom pairs in the molecule, it can be 
shown that if a molecule comprising N  covalently bonded atoms is perturbed from rest all
a weighted sum of their individual displacements in a set of 3N-6 (or 3N-5 in the case of a 
linear molecule) normal modes
The origin of this number o f normal modes is as follows.
The molecule can be said to have 3N vibrational degrees o f freedom . Each normal mode
Equation 3.2
v = v ° - *;x*„ - *;>
Equation 3.3
axes xyz, x j  is the equilibrium position of xaj and kaUbj is the force constant for restoration
Equation 3.4
of its atoms will vibrate so that the displacement of the atoms can be expressed in terms of
which describes the vibrational behaviour of a molecule gives rise to a deformation of its
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molecular structure. Translation of the molecule does not result in absorption of IR 
radiation as there is no energetic change. Three vibrational degrees of freedom will fully 
describe any translation (translation along the x, y  cmd z axes). In a similar fashion, 
rotation does not deform the molecule and a further 3 degrees of freedom are required to 
describe the possible rotation of the molecule about the x, y  and z axes respectively.
All remaining vibrational modes deform the molecule and thus a molecule consisting of N  
atoms will have 3N-6 normal modes of vibration. A linear molecule poses a special case as 
it has an additional rotational axis of symmetry and hence only 2 degrees of freedom are 
necessary to describe its rotation. These normal modes can be chosen in such a way that 
all the atoms move in straight or almost straight lines. For a given normal mode, all atoms 
obey simple harmonic oscillation and pass through their equilibrium positions 
simultaneously. In some instances symmetry in the molecule can cause two or more modes 
to have the same frequency, Such modes are said to be degenerate.
3N vibrational degrees of freedom 3 degrees of freedom for rotation
y,
t i ;
3 degrees of freedom for translation 
A
Figure 3.2 Origin of normal modes for a non-linear molecule comprising of 5 atoms.
Each normal mode can be described as an eigenvector in 3N  dimensional space. The 
components of this vector are directly proportional to the simultaneous displacements of 
the atoms from their equilibrium positions. When a mode is non-degenerate all the atoms 
move through equilibrium at the same time. The equation of motion of the atoms can be 
described by
(xai -x°aj) = Ati cos(2l>/# + 8 ai) Equation 3.5
where v is the mode frequency and 8^ is the phase of each atoms vibration. It is easy to see 
from this that if a mode is non-degenerate all components of the vibration must have a
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phase of 0 or tt for all values of a and i. Degenerate modes may have the frequency but 
vary in their respective phases and the relationship above does not hold
To allow the normal modes of a molecule to be calculated, a series of simultaneous 
equations have to be set up. This is achieved by the following steps. Firstly the equations 
of motion have to be simplified. The next step is to consider each vibrational mode in turn 
looking at the change in force on the atoms as a function of time. As xai° is constant for 
each atom and is independent of time it follows that terms in xarxai° can be replaced with 
terms in xai, the displacement from equilibrium of each atom. In an analogous fashion 
terms in xbrXbf can be replaced by terms in %  This step effectively shifts the origin for 
each mode from the Cartesian origin (0,0,0) to the equilibrium position for the atoms.
A second simplification is obtained if all the equations of motion for each atom are placed 
in a single matrix. If / is set to take values between 1 and 3N  so that the values for i = 
1,2,3... correspond to the old values for ah a2, a3... etc. then Equation 1.11 can be 
replaced by
This gives a set of simultaneous equations which describe the simple harmonic vibrations
where © is the angular frequency of the vibration. The amplitude of a simple harmonic 
vibration of a system, Xj, varies as a function of the displacement from equilibrium 
according to the equation below for all values of j  from 1 to 3N.
Equation 3.6
of each atom about its equilibrium position. The equations of simple harmonic oscillation 
apply to each mode and thus each can be described by a frequency
co~2nv Equation 3.7
Equation 3.8
Substitution for A)into Equation 3.6 leads to
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arniX; -  Y fijXj Equation 3.9
j
This provides a set of simultaneous equations which can be represented in matrix form by
<y2MX = KX Equation 3.10
where K  is the force constant matrix and M and X are defined as follows
M  =
fm x 0 0 0 "
( X )
0 m 2 0 0
0 0 m 3 0 and X =
J : 0 *
i 0 0 0 o m 3N)
Equation 3.11
Solutions to these simultaneous equations can only be reached for non-zero values of the 
amplitudes that is to say if co satisfies the secular equation below
|k  — <y2M| = 0 Equation 3.12
or if written alternatively
|M _1K  -  EA\ =0 Equation 3.13
where E is a unit 3N x 3N  matrix, X is equal to co2 and M '1 is the inverse of M.
For any solution of Equation 3.20 say A* which relates to a normal mode k, it is possible 
to find a column matrix kX which satisfies Equation 3.17. kX  is the eigenvector for the 
normal mode k. If this calculation is carried out in Cartesian co-ordinates it is extremely 
computationally intensive. A further simplification is obtained if the coordinate system for 
the calculation is shifted to be the internal coordinates of the molecule. Such an approach 
results in two matrices which are analogous to M  and K described above. A matrix G can 
be calculated from the atomic coordinates and the F matrix is a computationally derived 
force matrix which describes the interactions between the various atoms in a system. This 
so called Wilson GF matrix approach81 results in the formation of a secular equation 
analogous to Equation 3.13 (see Equation 3.14) which can be solved using standard 
matrix methods. This is the method most commonly used by computational chemistry 
programs to predict normal modes from minimised molecular geometries and force
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matrices. MOP AC, which is used in this chapter uses the Wilson GF approach in its 
FORCE calculations.
|GF -  E/l| = 0 Equation 3.14
Any computational method which generates a set of molecular co-ordinates and a force 
matrix describing the interaction energies between each atom in the molecule can be used 
to generate a set of normal modes. The accuracy of the normal modes is dependent on 
how well the modeling method matches the real system and how good a geometry has 
been generated by the minimisation method
The normal modes only describe the fundamental modes of vibration o f a molecule. It is 
important to remember that these are not all of the possible vibrational modes. It is true, 
however, that any vibrational mode can be described fully as a combination of one or more 
of the normal modes. The basic normal modes analysis does not indicate whether or not a 
particular normal mode is IR or Raman active. If there is no change in dipole moment the 
mode will be Raman active. If there is a change in dipole moment then the mode will be 
either Raman and IR active or just IR active. If a molecule has a centre of symmetry no 
mode for that system can be both IR and Raman active. In some cases it is possible to 
decide whether or not a particular mode will give rise to a change in dipole moment by 
simple inspection. A more rigorous but complicated process involves studying the 
symmetry and character of each mode. When no charge information for the molecule is 
available the symmetry assignment method is the only way of determining the activity of a 
mode absolutely.
Although some ‘third generation’ molecular mechanics force fields have been 
parameterised specifically to give optimum performance in vibrational normal mode 
predictions84'91, their use is usually restricted to the study of comparatively simple 
vibrational modes. The absence of sufficiently accurate cross-terms to describe the 
coupling of different types of energetic contribution also limits the predictive scope of the 
force-fields. When charge delocalisation is prevalent in a molecule many of the parameters 
provide unreliable frequencies and often ridiculous intensities. Semi-empirical methods, 
although more computationally intensive, provide a slightly more reliable means of 
predicting the normal modes for more vibrationally complex molecules92,93.
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3.4. Semi-empirical Methods
Molecules consist of nuclei and electrons. Most applications of quantum chemistry 
separate the motions of nuclei from those of the electrons due to the great difference in 
their masses (Bom Oppenheimer approximation.) This premise results in a model of nuclei 
moving on a potential energy surface, with the electrons reacting instantly to changes in 
the nuclear positions. The motions of the nuclei are constrained by their interaction with 
the electrons. At any position, the potential energy is the sum of the repulsive interactions 
between all the positively charged nuclei and attractive interactions with the electrons. 
Thus the electrons serve to hold the molecule together.
Semi-empirical methods set up the molecular orbital system for a molecule according to 
the Schroedinger equation and then use certain simplifications and empirical parameters 
(often derived from ab initio calculations) to provide approximate solutions to the 
Schroedinger equation, the ground-state wave function and certain low energy excited 
states79. Once a suitable approximation has been obtained, many useful calculations can be 
carried out for a structure including transition state geometries, calculation of force 
constants, vibrational modes and molecular dynamics trajectories.
There are a number of semi-empirical methods which are commonly in use today. They 
vary in the methods of approximation used to calculate the molecular orbitals for the 
molecule. One group of semi-empirical methods is known as Neglect of Differential 
Overlap (NDO) methods79 In this semi-empirical theory the overlap of certain atomic 
orbitals is neglected when calculating the molecular orbitals. NDO methods only consider 
the valence electrons in the calculation. Complete NDO (CNDO)94 neglects overlap 
between different atomic orbitals. It has a number of short-comings including 
overestimation of the dissociation energies for diatomics and the inability to correctly 
model spin coupling of electrons. Intermediate NDO (INDO)95 includes differential 
overlap between orbitals on the same atom and thus takes into account differences in 
energy due to alignment of electron spins. Neglect of Diatomic Differential Overlap 
(NDDO)96 is one stage more complex and only neglects overlap between atomic orbitals 
on different atoms. Thus, overlap between all molecular orbitals resulting from monatomic 
differential overlap are considered in the calculation. CNDO, INDO and NDDO all
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describe nuclear shielding in a very crude fashion by reducing the effective nuclear charge 
by the number of subvalence electrons shielding it. Later developments of the NDO 
approach which are in use today include MINDO/397, MNDO98, AMI99 and PM380. These 
introduce empirically parameterised coulombic core-repulsion terms to better describe the 
shielding of each atomic nucleus. This provides more realistic description of the energy 
levels of the molecular orbitals. Of these last four methods only MNDO, AMI and PM3 
can predict the behaviour of systems with lone pair electrons. One well known problem 
inherent in the PM3 method is that it consistently under estimates rotational barriers 
around amide bonds.
3.4.1. The MOP AC semi-empirical molecular modelling program
MOPAC6 is a program which provides a unified interface to access several semi-empirical 
molecular modelling tools including PM3, AMI, CNDO and MNDO. It was developed in 
its first form by Stewart in 198980. Data was input into the MOP AC program in the form 
of a Z-matrix which is a simple matrix which describes the molecule’s structure in terms of 
bond distances, angles and torsions relative to adjacent atoms. In all instances this was 
generated automatically using the Molecular Simulations Incorporated (MSI) program 
Cerius2 (v 2.0). The methodology for the prediction of normal modes using PM3 consisted 
of three stages:
1. When applicable a stochastic conformational search using Universal Force Field 
(UFF)100,101 molecular mechanics (MM) parameter set was carried out to identify the 
lowest energy conformation.
2. The lowest energy structure was then further optimised using PM3
3. The geometry resulting from this minimisation was subjected to a normal coordinate 
analysis (NCA) also under PM3 to yield the fundamental vibrational modes of each 
molecule.
For the normal modes analysis to be valid the geometry used must correspond to an 
energetic minimum. Hence, an RMS gradient conversion criterion of 0.01 kcalmof1 was 
used. In many instances it was necessary to increase the self-consistent field (SCF) 
convergence criterion to IQ*9 kcalmof1 or to specify PRECISE in the command line of the
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MOP AC data file to prevent the calculation from stopping due to SCF convergence before 
a structure with a low enough gradient had been obtained.
The inclusion of the FORCE command in the MOP AC data file causes the normal modes 
of the minimised structure to be calculated using the Wilson GF Matrix method81. The 
FORCE calculation under MOP AC also calculates the transition dipole from the charge 
distribution of the molecule. In theory the IR intensity of a band is directly proportional to 
the product of the square of the transition dipole and the frequency of the vibrational 
mode103. The transition dipole is defined as the derivative of the molecular dipole with 
respect to the normal coordinates of the molecule. However, as the data in the appendix 
section show, the results obtained from semi-empirical calculations are not always simple 
to interpret to allow each normal mode to be assigned as being either IR active, Raman 
active or indeed both. The units of the IR intensities calculated as described above are 
Deb2 A'2 amu'1. The Cerius2 program uses a conversion factor of 42.4547 to convert the 
result into to km.mol'1 for display purposes104.
Two papers were found in the literature in which evaluations of various NDO methods for 
the prediction of vibrational normal modes were reported92,93. Both papers found that 
deviations between the calculated and experimental frequencies were non-systematic. 
However, post hoc scaling of the vibrational modes by averaged, empirical scaling factors 
according to the nature of the vibration and the elements involved in the mode, allowed 
the prediction of frequencies which were comparable to those obtained by ab initio 
methods.
The PM3 method is reported to give the best overall results for a wide range of elements93 
and is, therefore, the method adopted in this work. Both papers dealt with small organic 
molecules, only one of which contained an aromatic ring. As our project is dealing with 
aromatic materials it was decided that an evaluation of the performance of the PM3 
method with a variety of aromatic organic compounds should be carried out. This was 
done to assist in the interpretation of calculations carried out on model compounds in 
chapter 5.
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3.4.2. Evaluation of PM3 for the prediction of vibrational frequencies for aromatic 
compounds.
The substances studied in the evaluation were: benzene, s-triazine, chlorobenzene, o-, m- 
and /7-dichlorobenzene, 1,2,4- and 1,3,5-trichlorobenzene, 1,2,4,5-tetrachlorobenzene, 
pentachlorobenzene, hexachlorobenzene, diphenyl ether and phenyl sulphide.
All calculations were carried out using the conditions detailed above. The vibrational 
modes of the molecules were visualised and assigned blind’ without referring to 
spectroscopic literature. Where available, literature data with spectral assignments are 
presented for comparison. As the data are somewhat lengthy the results of these MOP AC 
calculations have been placed in an appendix at the end of the thesis.
Complete vibrational assignments are not available for all of the IR spectra reported in the 
spectral literature. It is, therefore, an extremely involved task to attempt to make 
assignments for all the calculated normal modes. However, where literature mode 
assignments have been made as a result of rigorous spectroscopic analysis, it is possible to 
compare them with the assignments made from the MOP AC animations.
Existing literature has shown that different vibrational modes exhibit deviations from 
experiment which are dependent on the major bond deformations involved in the mode. 
The ratios of the frequencies calculated in this work to their experimental values published 
in the literature821105"115 are summarised in Table 3.1. The values are averaged for each of 
the normal coordinate analyses presented in the appendix.
Table 3.1 Average ratios of experimental frequencies to those calculated using PM3 normal 
modes
Dominant vibrational mode Ratios o f Calculated to 
Experimental Frequencies
Standard Deviation o f 
Average Ratios
Aromatic C-H str 1.001 0.006
Aromatic C=C str 0.924 0.039
Aromatic ip C-H def 1.011 0.016
Aromatic oop def 1.020 0.076
str = stretch; ip = in-plane; oop = out-of-plane; def = deformation
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In general the vibrational frequencies relating to C-H stretching modes are very well 
predicted. The number of different modes are not perfectly reproduced. It should be 
remembered that in the majority of cases the experimental spectra are not acquired in the 
gas phase and that the normal modes analysis is an idealised analysis which is based on a 
minimised structure at OK.
The frequency of some C=C stretching modes were over-estimated while others were 
under-estimated by PM3. Highly halogenated systems appeared to be more problematic 
than molecules with only one or two halogens on the aromatic ring.
The frequencies of the aromatic ring plane deformations were slightly under estimated 
although on the whole the frequencies were acceptable.
Frequencies o f out-of-plane aromatic ring substituent deformations were generally under­
estimated. This could possibly indicate that PM3 is slightly under-estimating the rigidity of 
the aromatic ring resulting from rc-delocalisation. It was not possible to calculate 
meaningful scaling factors for the carbon ring deformations owing to insufficient data 
available in the literature.
The study of diphenyl ether and diphenyl sulphide lead to some interesting results. The 
deviation between the calculated frequencies and the published values114,115 for the C-H 
and C=C stretching modes and the in- and out-of-plane deformations about the aromatic 
rings were in good agreement with those observed for the substituted benzenes. However, 
from the available literature, another form of vibrational mode which involves significant 
motion of the unit (X) linking the two aromatic rings was expected114,115. The PM3 
calculation succeeded in predicting some of these 4X-sensitive ’ modes (to use the mode 
description forwarded by Whiffen and co-workers116). For both diphenyl ether and 
diphenyl sulphide, X-sensitive modes were predicted, one in close proximity to the lower 
C=C stretching modes and also close to the C-H out of plane modes. Assignment of the 
modes was difficult in the cases of the lower frequency modes as these frequently involved 
very slight motions of a large number of atoms. Identifying the motion of the linking group 
as being significant to the frequency of the mode was not simple in all cases and thus in the 
course of the ‘blind’ assignment some of the modes referred to as being X-sensitive in 
literature have been described as either ring torsions, C-H out-of-plane deformations or in­
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plane distortions. The IR activities of these X-sensitive modes were also difficult to 
ascertain from the PM3 calculation, which further complicated their correct assignment. 
The scaling factors for the high frequency X-sensitive modes were 0.886 and 0.862 for 
diphenyl ether and diphenyl sulphide respectively.
From the single study made on triazine it would appear that PM3 over-estimates the 
higher frequency C=N stretching modes and should be scaled by approximately 0.96 to 
bring it closer to the experimental108,109 value of 1646 cm'1. It is interesting to note that 
although the PM3 calculation identifies two lower frequency triazine ring modes (one 
corresponding to stretching in cquadrants '9 and the other corresponding to stretching in 
‘semi-circles it does not predict a difference in the frequency of each mode. The semi­
circle and quadrant modes are geometrically different and result in two distinct frequencies 
in the experimental IR spectrum. Spectral literature for triazine shows that IR active 
modes corresponding to out-of-plane and in- plane deformations of the triazine ring are 
observed at 737 and 675 cm*1 respectively. However, the PM3 normal modes calculation 
predicts that the out-of-plane triazine deformation should give rise to a band at 654 cm'1 
and predicts a frequency of 632 cm'1 for the in-plane deformation. Given that PM3 is 
known to under estimate torsional barriers in amide systems, it might be reasonable to 
expect some shortcomings in its ability to model the torsional behaviour of a constrained 
heteroaromatic system such as a triazine ring.
Theoretically, if a vibrational mode is only Raman active the transition dipole of the mode 
should be zero. However, inspection of the results summarised in tables A l.l to A1.13 
shows that the semi-empirical method fails to predict IR/Raman activity accurately in 
many instances. Correctly identifying modes which are both IR and Raman active for large 
molecular systems remains non-trivial despite the advances in semi-empirical and ab initio 
quantum mechanical methods.
3.5. M M  Force Field Methods.
Force field calculations based upon energetics and classical mechanics have been used by 
spectroscopists for over 50 years to aid them in interpretation of spectral data and in 
structural elucidation. In general their force fields were very simple, addressing only the
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most basic of energy terms: stretches, angular deformations and torsions and were 
parameterised specifically for one molecule to enable normal modes for that molecule to 
be predicted as part of derivation of a complete spectral assignment
However, in the past 20 years increases in computational power have made it possible to 
use very complex generalised force-fields in a predictive fashion. These are still based 
upon classical mechanics but contain many extra energy terms in addition to the bond- 
stretch, angle and torsion terms to account for the diverse interactions which play a part in 
the energetics molecule. Given these new tools there have been many successes in 
predictive modelling of molecular systems as large as proteins and as small as diatomics.
There are many energetic interactions in a chemical structure. In the simplest 
approximation the total energy of a molecule can be described in terms of bond, angle and 
torsional energies, electrostatic interactions (charge and dipoles) and non-bonded 
interactions (van der Waals). The models which are used to quantify these contributions 
are known as force-fields. They assume different models (functional forms) for each 
energetic term. The first in formulating chemical molecular model has to be to calculate a 
realistic structure for the compound in question. In its most basic form this is considered 
to be the lowest energy conformation of the molecule in vacuo.
MM methods apply classical mechanics to calculate the energy of a molecule. The atoms 
are considered as being points of fixed mass joined by bonds which are of a given energy. 
The energy of the bonding terms is calculated using a traditional harmonic or Morse 
function. Terms to account for steric, electrostatic and non-bonded interactions are 
included in the energy equation to give single term which describes the energy of the 
system.
E  tot Ebottd + E  angle E  torsion 4 EvdW + Eelec Equation 3 15
This study uses the UFF force field developed by Casewit and coworkers which employs 
the following functional forms100'102.
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3.5.1. Bond-bond Term
There are a number of functional forms which can be used to describe the bonding term. 
Most are based on the simple harmonic oscillator which defines the potential energy of the
system as the summation of each bonds potential energy over all bonds in the system.
Thus Ebond in the UFF is described by the equation
Ebond = Equation 3.16
bond
where r is the separation of the two nuclei, r0. is the equilibrium separation and Kr is the 
bond force constant.
3.5.2. Angular energy terms
The interaction between one atom connected to another through a common central atom, 
in its simplest form, is given by a simple harmonic angular function which takes the form 
below
E«„gk = Y ,K<>(0-&<,y Equation 3.17
angle
where 6 is the angle formed between the three atoms, Oo is the equilibrium angle between
the two and Ke is the angular force constant for those three atoms.
However, more accurate expansions can be used which better describe the potential 
surface of the angular function. Fourier expansions can used. A commonly used form is 
the three-term Fourier expansion which takes the form below
Eangle -  K8(C0 + C, cos 6+ C2 cos 26) Equation 3.18
where the coefficients are as follows:
C0 = C 2(2 cos<92 +1)
C, = -4 C 2 cos 0 0 Equation 3.19
C2 = is in#5
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3.5.3. Torsional energy terms
Torsional terms describe the energy which arises from the two terminal atoms of a 
dihedral becoming eclipsed through rotation about the central bond (JK in the diagram 
below). The function is sinusoidal as a function of torsional angle with a frequency 
determined by the geometry about the common bond and reaches a maximum when the 
atoms are frilly eclipsed (i.e. when the torsional angle is 0°) and is at a minimum when the 
two atoms are diametrically opposed (i.e. when the torsional angle is 180 °)
E - o r = ^ f -  ( l - c o s n $
Equation 3.20
3.5.4. Coulombic interactions
Electrostatic interactions are critical to produce realistic results in a molecular mechanics 
calculation. They have a profound effect upon the way that discrete molecules within a 
model interact and also upon the conformations which are adopted by a molecule in the 
course of a minimisation. The total electrostatic energy of a system can be written as 
follows
= C o Z X n r -  Equation 3.21
i j>i SKjj
where Qt and Qj are the charges on atoms i and j  respectively, Rff is the distance between 
the two charges in A, s is the dielectric constant (is 1 for a vacuum) and Co is a conversion 
factor which takes the value 332.0637 kcal/mol.
The coulombic interactions drop off quite slowly as a function of distance from each 
atomic coordinate, this means that the calculation of all coulombic interactions would be 
prohibitively computationally intensive. In order to reduce the number of calculations 
which have to be done a cut-off parameter is employed and all electrostatic interactions 
between atoms further apart than the cut-off value are neglected. Interactions between 
atoms which are separated by less than 2 covalent bonds (1-2 and 1-3 interactions) are
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also excluded as charge interactions between these atoms are considered to be described in 
terms of their bonding interactions.
In order to calculate the electrostatic potential for a system it is necessary for charges to 
be assigned to each atom. In the UFF force-field, a charge-equilibration algorithm 
developed by Goddard and Rappe is used which takes into account the geometry and 
electronegativities of the various atoms.
3.5.5. Non-bonded (van der Waals) interactions
All atoms exhibit a long-range attraction proportional to 1/R6 where R  is the distance 
between the two atoms. This is generally referred to as the van der Waals attraction. The 
quantum mechanical significance of this force was established by London thus is often 
referred to as the London force or as a dispersion force. At sufficiently short distances, all 
forces are repulsive (due to over lap of molecular orbitals and the Pauli principle). In 
addition to 1/R6 the long range potential can also contain terms in 1/R8, 1/R9 or higher. 
Several foims of the van der Waals potential function are commonly used. However the 
UFF force field employs the form described below which is referred to as the Lennard- 
Jones 12-6 potential
Equation 3.22
Where Do is the depth of the potential well for a particular interaction and Ro is the 
equilibrium bond distance.
Ro
Distance R
Figure 3.3 Lennard-Jones 12-6 non-bonded interaction potential function
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3.5.6. Geometric minimisation algorithms
A number of minimisation algorithms are commonly used to calculate low energy 
geometries in MM calculations. The steepest descent method changes the atomic 
coordinates in a direction opposite to the gradient of the potential energy at each step. The 
step size is increased if a lower energy is obtained and is decreased if a higher energy 
structure results. The rate of convergence is low for this method as the displacements 
become very small as a minimum is approached. However, it is very useful for reducing 
geometric stresses due to unrealistic close contacts.
The conjugate gradient 200 method is the one used most extensively in this work. This 
makes use of previous minimisation steps as well as the current gradient to determine the 
next step. This gives an efficient minimisation which converges rapidly, reaching a 
minimum in the order of N  steps where A  is the number of degrees of freedom.
3.5.7. Molecular dynamics (MD)
Having established a set of energetic potentials which can be used to predict the behaviour 
of a molecule it is possible to use the molecular mechanics model to predict the behaviour 
of the system at non-zero temperatures. This is very useful as it allows predictions to be 
made about the behaviour of a molecule in a more natural state. While minimisation 
computes the forces on atoms and changes the molecular geometry to minimise the 
interaction energies, dynamics computes the forces on the atoms and their motion 
resulting from these forces. The molecular motion is calculated according to the molecular 
mechanics model.
In MD calculations differential equations of classical mechanics are defined and integrated 
numerically. When no external forces are applied the total energy of the system remains 
constant. Given the atomic positions (and therefore forces ) and velocities at time t it is 
possible to calculate their values at a later time t+At by solving Newton’s equation of 
motion for the forces defined in the force field, between time t and t+At using a summed 
Verlet algorithm118 The success of such an approach is highly dependent on the choice 
timestep (At). If the dynamics timestep is too large then the finite difference trajectory is a 
poor approximation to the true analytical solution. If the timestep is too small the
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dynamics simulation will be very time consuming and again the trajectory may be a poor 
approximation due to round-off errors.
This, simplest form of dynamics is the one used in this thesis as calculations are being 
carried out on discrete molecules. However, when macromolecules or multiple molecule 
calculations are being carried out, extended forms of molecular mechanics can be used 
which take into account changes in volume, pressure and temperature of the system and 
allow the behaviour of the system to be simulated when its total energy is not conserved.
3.6. M D  Simulation of Infrared Spectra
After a minimum starting conformation at equilibrium has been calculated using molecular 
mechanics, the next stage of an MD simulation is to acquire the MD trajectory for 
subsequent analysis. In this initial study, a single molecule is used in the simulation and 
thus constant mass (N), constant volume (V), a constant energy (E) form of adiabatic 
dynamics is used (Constant NVE dynamics). The temperature of the structure is held 
constant within a user specified tolerance. This is achieved by scaling the atomic velocities 
periodically so that the kinetic energy of the system (which equates to thermal energy) 
remains within the specified tolerance. At the start of the dynamics calculation the atoms 
in the molecule are randomly assigned velocities to simulate the kinetic energy that would 
be expected at the simulation temperature by a Boltzmann distribution.
The MD trajectory is saved as a series of snapshots in which the coordinates and velocities 
of the atoms of the molecule are recorded. This trajectory can be subjected to a wide 
range of analyses to calculate any of a number of physical properties.
As the absorption of infrared radiation by a molecule can be described in terms of 
excitation in vibrational modes with specific frequencies, dynamic behaviour of a 
molecule at a given temperature averaged over a sufficiently long dynamics run should be 
a function of the summation of each vibrational mode. Each vibrational mode corresponds 
to a correlated motion of atoms and if the MM and MD models are accurate enough, these 
motions should be recorded in an MD trajectory.
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3.6.1. Dipole autocorrelation functions (DACF)
IR active vibrations correspond to deformations in the structure of a molecule that bring 
about a change in its dipole moment. The dipole moment of a molecule defined as the 
magnitude of its dipole vector which can be calculated according to the equation below117:
Dipole vector -  4 .8 0 2 0 ^  ( 0 +cf c -  Qffc ) Equation 3.23
where 4.802 is a scaling factor to convert the result from Debyes to angstroms and atomic 
mass units, Qmin is the smaller absolute value of the total positive charge and the total 
negative charge of the molecules and Qffc ve is the centre of positive or negative charge 
calculated according to the equation below.
Equation 3.24
2
where the summation is over all positive or negative charges as appropriate and q, is the 
charge on atom i and ri>a is the x,y or z component of the coordinates of charge i. The 
origin used to calculate the dipole moment is, by convention, taken as being the point 
equidistant between the centres of negative and positive charge. The change in dipole 
between frames can be investigated by calculating a dipole auto-correlation function 
(DACF) of the dipole vector which takes the form:
1 wC (tn) = — V  D(m + i) x D(i) Equation 3.25
where m is the total number of points being used for the calculation of the auto-correlation 
function, n is the number of frames being used to average the autocorrelation function, i is 
the increment for the calculation, D  is the dipole vector for a given frame and k is the total 
number of snapshots in the dynamics trajectory. In this study, m is taken to be 1/2 k  and i 
is taken to be 1.
The DACF describes the correlated change in the molecular dipole vector as a function of 
time. A Fast Fourier Transform (FFT) of this function shifts the correlation from the 
domain of time to that of frequency. This new function is referred to a dipole power 
spectrum and should in theory be closely related to the IR spectrum for the system.
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The frequency resolution of the power spectrum (Aco) is a function of the length of the 
dynamics run used to calculate the DACF and is given by:
71A co  -----  Equation 3.26
Zmax
where tmax is the time length of the analysed data. As for a given trajectory file, the time 
interval At is fixed, the maximum point in the power spectrum curve f max is also fixed by 
the following relationship:
/m ax=-~  Equation 3.27
At
So it can be seen that for a given length of computational time, a balance has to be struck 
between obtaining adequate resolution and sampling the change in the autocorrelation 
function across the desired frequency range.
3.6.2. DACF analysis of aromatic compounds
While some papers have reported the use of molecular dynamics to simulate the effect of 
an increase in temperature upon the vibrational behaviour of organic molecules, no 
references were found relating to the overall assessment of the use of dipole power spectra 
in general IR spectral prediction. One paper used MD and a velocity autocorrelation 
function (VACF) to study the low frequency (1000 to 0 cm'1) dynamics of liquids such as 
water119. However, quantum corrections were required to give realistic intensities. No 
literature was found which reported simulated IR spectra across the whole infrared region 
calculated using DACF.
To assess the potential of the method in terms of predicted frequencies, fine structure and 
intensities, dynamics runs were made of a number o f model compounds of interest to the 
project using the UFF force field and were compared with data available in the literature. 
The dynamics trajectories were calculated for 30000 iterations and were repeated using 
timesteps of 0.0002, 0.0004 and 0.0008 ps. The results obtained are summarised in the 
appendix in figures A l.l to A1.8. Timesteps greater than 0.0008 ps were not used as the 
resulting power spectrum would not have covered the entire range of the IR region of 
interest (between 2.5 pm (4000 cm"1) and 28.6 pm (350 cm'1). It was found that unless the
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charges were updated throughout the dynamics simulation certain regions of the power 
spectra were devoid of detail.
In light of this all dynamics simulations in the evaluation were carried out by updating the 
charge equilibration (QEq) calculation102 every 100 frames. When a shorter timestep is 
used, the motion of the molecule is sampled more precisely. However, the duration of the 
dynamics run for a given number of iterations drops with a decrease in timestep and as a 
result the resolution of the power spectrum drops in accordance with Equation 3.26. The 
dipole power spectra obtained from the FFT of the DACF comprised a number of peaks 
with intensities which differed by several orders of magnitude. For this reason certain 
sections of the plots presented in the appendix are shown with some sections with 
expanded ordinate values to assist in comparison of different spectra. It should be 
remembered that the relationship between IR absorbance and transmittance (which is the 
scale most often used to interpret IR spectra) is logarithmic and so the intensities were 
modified by a simple logarithmic function. To prevent excessive baseline distortion each 
data point in the power spectrum was increased by the mean intensity calculated across the 
entire region of interest (from 2 to 16 pm ). The peaks which are marked with circles on 
each spectrum were selected using a simple peak picking routine which selected maxima 
which were more than 2 standard deviations above a calculated baseline.
Inspection of the spectra depicted in the appendix shows that in the majority of molecules 
the same peaks are apparent in their calculated power spectra irrespective of the timestep. 
The intensities, however, vary drastically between the different simulations. The three 
dichloro-benzenes gave power spectra which were simple enough to allow a basic 
assignment of the major peaks. These and the peaks observed for benzene are tabulated in 
the tables below. It should be emphasised that the assignments which have been made are 
not rigorous. A complete assignment of the power spectra bands would require a large 
number of repeated simulations using isotopic substitution to investigate the dependence 
of different bands upon substitution at different positions. This is beyond the scope of this 
study.
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Table 3.2 Assignments for power spectra obtained from UFF MD simulation of benzene.
Literature Value82 UFF-DACF
Simulated
Type o f Mode Freq.
(cm1)
Wavelength
(pm)
Freq.
(cm1)
Wavelength
(fim)
Freq.
Ratio
Wavelength
Ratio
C-H str 3106 3.22 3058 3.27 1.02 0.98
C=C str 1475 6.78 1802 5.55 0.82 1.22
C-H ip 1017 9.83 1085 9.22 0.94 1.07
C-H oop 672 14.89 696 14.36 0.97 1.04
str = stretch; ip= in-plane; oop = out-of-plane
This initial result showed promise as the correct number of vibrational modes were 
predicted. All of the fundamental modes, save the C-Cl stretch, are encountered in the 
simple IR spectrum of benzene: C-H stretch, C-C stretch, C-H in-plane deformation and 
C-H out-of-plane deformation. The assignments given in Table 1.2 were made a priori. 
The assignment was confirmed by a very simple process. The benzene molecule was 
orientated so that the ring was parallel to the x-y plane. The dynamics were then rerun and 
the power spectrum was resolved into its x-y and z  components. This process produced six 
power spectra: three corresponding to correlated motion parallel to the x,y and z axes and 
three corresponding to motion in the x-y, x-z and y-z planes. The band at 696 cm'1 (14.36 
pm) showed a maximum component parallel to the z-axis. As a replay of the dynamics 
simulation showed that there had been negligible change in the orientation of the molecule 
with respect to the Cartesian axes. This shows that the correlation which gave rise to this 
band had its major component out of the plane of the benzene ring. In other words it was 
an out-of-plane deformation. The strongest component of the band assigned as a C=C 
stretch was in the x-y plane confirming that the vibration was an in-plane correlated 
motion. The same observation was made in the case of the band at 1085 cm'1 (9.22 pm) 
assigned as an in-plane C-H deformation. These observations were used to assist in the 
assignments of the power spectra of the halogenated benzenes presented in the tables 
below.-
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Table 3.3 Assignments for power spectra obtained from UFF MD simulation of 
o-dichlorobenzene
Type o f Mode
Literature Value112,113
Freq. Wavelength 
(cm1) (pm)
UFF-DACF
Simulated
Freq. Wavelength 
(cm1) (pm)
Freq.
Ratio
Wavelength
Ratio
C-H str 3077 3.25 3067 3.26 1.00 1.00
C=C str 1575 6.35 1845 5.42 0.85 1.17
C=C str 1460 6.85 1761 5.68 0.83 1.21
C=C str 1439 6.95 1709 5.85 0.84 1.19
C=C str /  C-Cl str 1250 8.00 1230 8.13 1.02 0.98
C-H ip /  comb 1170 8.55 1070 9.35
C-H ip /  comb 1130 8.85 1045 9.57
ip ring / C-Cl str (ip) 1036 9.65 903 11.08
C-H oop 935 10.70 831 12.03
C-H oop 746 13.40 771 12.97 0.97 1.03
ip ring / C-Cl str 680 14.70 659 15.17 (weak)
str — stretch; ip =  in-plane; oop — out-of-plane; comb — combination band;
Table 3.4 Assignments for power spectra obtained from UFF MD simulation of
/n-dichlorobenzene
Literature Value111’113 UFF-DACF
Simulated
Type o f Mode Freq. Wavelength Freq. Wavelength Freq. Wavelength
(cm1) (pm) (cni1) (pm) Ratio Ratio
C-H str 3077 3.25 3067 3.26 1.00 1.00
C=C str 1587 6.30 1842 5.43 0.86 1.16
C=C str 1471 6.80 1773 5.64 0.83 1.21
C=C str 1418 7.05 1608 6.22 0.88 1.13
C-H ip 1124 8.90 1233 8.11 0.91 1.10
C-H ip 1087 9.20 1193 8.38 0.91 1.10
ip ring / C-Cl str 1000 10.00 978 10.22 1.02 0.98
C-H oop 775 12.90 810 12.35 0.96 1.04
C-Cl str /  ip ring 674 14.90 671 14.91 1.00 1.00
combination band 662 15.10 658 15.20 1.01 0.99
str  =  stretch; ip=  in-plane; oop  =  out-of-plane; comb =  combination band;
Table 3.5 Assignments for power spectra obtained from UFF MD simulation of
/7-dichlorobenzene
Literature Value110’113 UFF-DACF
Simulated
Type o f Mode Freq. Wavelength Freq. Wavelength Freq. Wavelength
(cm'1) f a n ) (cm1) (pm) Ratio Ratio
C-H str 3077 3.25 3040 3.29 1.01 0.99
C=C str 1471 6.80 1845 5.42 0.80 1.25
C=C str 1418 7.05
C=C str 1389 7.20
C-H ip 1105 9.05
C-H ip 1091 9.17 1250 8.00 0.87 1.15
ip ring / C-Cl str 1015 9.85 1122 8.91 0.90 1.11
C-H oop 813 12.30 874 11.44 0.93 1.08
str  =  stretch; i p -  in-plane; oop — out-of-plane; comb =  combination band;
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These results for very simple compounds show that the DACF method using UFF can 
predict values for C-H stretch frequencies which are in excellent agreement with 
experiment. The method also correctly predicts the absence of bands in the vicinity of 3 
pm for perhalogenated benzenes. The average ratio of the experimental C-H frequencies 
to the predicted values is 1.00.
Aromatic C=C stretching modes are not as well predicted. The DACF method used does 
not appear to be sufficiently sensitive to reproduce the complex form of the ring 
substitution patterns in the vicinity of 7 pm. However, bands are observed in the simulated 
power spectra at higher frequencies than the experimental spectra, the average ratio of 
experimental to simulated frequency being 0.83.
The third type of fundamental mode observed in all of the chlorinated benzenes is the C-H 
in-plane deformation. Again these appear to be reasonably predicted by the DACF 
method. Based on our assignment the experimental values for this type of deformation 
differ from those predicted by the UFF-DACF method by a factor of 0.90. The frequencies 
for simple C-H out-of-plane deformations are in good agreement with experiment. The 
average ratio of experimental to simulated frequency being 0.94.
The power spectrum for triazine presented in Figure A1.8 shows a band which 
corresponds well to the C-H stretch, A single band is observed in vicinity of 6 pm where 
two bands are seen in the experimental spectrum. Another band is seen close to 8 pm 
which could either indicate that the frequency of the second C=N stretch is under­
estimated or that the C-H in-plane mode is being over-predicted. The appearance of two 
modes between 11 and 12 pm in the power spectra is encouraging as this would suggest 
that the method is predicting two modes, possibly an in-plane triazine mode and a C-H 
out-of-plane deformation.
However, the most important results observed in these power spectra are the presence of 
additional bands in the spectra which correspond to IR bands which are not due to 
fundamental modes. Examples of such bands are apparent in all o f the power spectra of 
the dichlorobenzenes (Tables 3.3 to 3.5). This can be considered as a success for the 
DACF method as it shows potential to predict combination bands which a normal modes 
analysis will not predict. The drawback of the DACF method is that it is extremely difficult
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to validate for all but the simplest of molecules. This is shown very clearly with the power 
spectra calculated for the more complicated halogenated benzenes presented in the 
appendix.
3.7. Conclusions of Simulation Work
Within the limits of the methods tested in this brief study, the state-of-the-art in spectral 
simulation is not advanced enough to allow absolute prediction of the infrared spectra of 
complex molecules. Normal modes methods provide a very useful tool in spectral 
assignment and assist in the visualisation o f the vibrational modes apparent in a given 
molecule. Unfortunately PM3 shows non-systematic deviations in the prediction of certain 
types of mode. This is agreement with the findings of other workers who have carried out 
evaluations of the PM3 and AMI parameterisations for aliphatic compounds and a limited 
number of aromatic compounds92,93. Methods which are more computationally intensive 
such as ab initio quantum mechanical calculations would be required for more reliable 
frequency predictions.
Given that the shortfalls of PM3 are known, this work concludes that the use of normal 
modes combined with the animation available under Cerius2 provides a useful aid in 
visualising the vibrational modes of simple molecules which is invaluable when trying to 
tailor the IR properties of a molecule. Given that the shortfalls of PM3 have been 
identified it would be reasonable to undertake some calculations of polymer repeat units as 
a continuation of the study of the vibrational modes of aromatic polymers.
The DACF method is less practically useful although there does appear to be potential to 
develop it into a useful tool. All of the spectra acquired show fluctuations in intensity that 
are not directly related to frequency and it is possible that the MD simulations should be 
run for longer to ensure that the recorded relaxation of the system is not unduly biased by 
the scaled velocities assigned to the atoms at the start of the dynamics run. A timestep of 
0.0008 ps seems quite adequate for the study of the region between 3 and 5 pm and it is 
suggested that this be used in future studies.
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The issue of intensities in the DACF has yet to be resolved. It has been noted that the 
power spectra of molecules with strong molecular dipoles are understandably dominated 
by dipole relaxations along the axis of the dipole moment. Although the crude data 
treatment method employed in this study can make the interpretation of the power spectra 
easier it is far from ideal. It is proposed that this problem might be circumvented by 
aligning the molecule so that the dipole moment is parallel to one axis prior to running the 
MD simulation. This should, in theory, allow the dominant dipole relaxations to be 
separated from the other dipole relaxations by resolving the DACF into x,y,z components 
and considering the relaxations which do not have components along the primary dipole 
axis. An alternative approach might be to use only selected atoms for the calculation of the 
DACF thus reducing the number of correlated motions represented in the power spectrum. 
This, however, would be expected to give less reliable results as all atoms, to lesser or 
greater degree, contribute to each vibrational mode. Frequencies of combination bands 
would be worst affected by such an approach.
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4.1. Introduction
The evaluation work presented at the end of chapter two, which described the apparent 
high transparency of a crosslinked cyanurate film in the two atmospheric detection 
windows set a precedent for an investigation of linear cyanurate polymers. It was hoped 
that linear cyanurate materials would exhibit similar transparency to their crosslinked 
analogues but would benefit from improved processability. In this section some simple 
dichlorotriazine monomers, which are reactive to nucleophilic substitution reactions, are 
prepared and copolymerised with a variety of readily available commercial aromatic 
bisphenols. The synthetic details are preceded by an overview of organic chemistry 
relating to the synthesis and properties of these materials.
4.2. Background Chemistry
4.2.1. Chemistry of halo-triazines
Since the discovery of cyanuric chloride by Leibig127 in 1827, the reactivity of 
chlorotriazines has been well known. The chloro-functionality essentially reacts as an acid 
chloride (I) of the corresponding aromatic acid (II) (see Figure 4.1) and exhibits 
accordingly high reactivity. The chlorine atoms on chlorotriazines are more labile than 
those on alkyl chlorides, but significantly less reactive than those found on the majority of 
acyl chlorides120.
Cl OH
N r t j  Nt i N
Cl t o - C l  H O f a / o H
(I) Cyanuric Chloride
(Leibig, 1827) (D) CyanuncAcid
Figure 4.1 Cyanuric chloride as the acid chloride of cyanuric acid
The commonly encountered reactions of chloro-triazines involve nucleophilic attack at the 
ring carbons and the formation of the corresponding substitution products120. Reactions 
with a wide range of nucleophiles (Nu-H, see Figure 4.2) have been reported including:
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water, alkoxides121, phenoxides122, mercaptans, amino compounds123, azides, nitrates, 
Grignard reagents, carboxylic acids and amides. Although the reactivity of the ring 
carbons decreases with increased substitution, tri-substituted products may be obtained 
when the nucleophile is suitably reactive. (Figure 4.2).
Cyanuric Chloride
Figure 4.2 Nucleophilic substitution of cyanuric chloride and chlorotriazines 
4.2.1.1. Reaction with hydroxy-compounds
As mentioned above, chlorotriazines can react with hydroxy compounds in the presence of 
a suitable base to form the corresponding aromatic or aliphatic ethers. When phenols are 
employed, thermally stable products result. Thus, stirring an aqueous / acetone mixture of 
cyanuric chloride, phenol and sodium hydroxide for 3 hours at 25 °C yields 95% triphenyl 
cyanurate as a white crystalline material which melts at 235-236 °C122,
Aliphatic alcohols react in an analogous fashion but the ethers formed are not as stable as 
their aromatic counterparts. Trimethyl cyanurate is a stable compound which boils at 
265 °C. However, heating under reflux causes isomerisation to give the corresponding 
isocyanurate (see Figure 4.3)124’125. It is this isomerisation of alkyl cyanurates which 
ordinarily precludes the use of alkyl cyanate esters in high performance applications126, the 
stability of the isocyanurate unit to thermooxidative degradation being less than that of the
125cyanurate .
CH.i j
Reflux, 265 °C 
(isomerisation)
O
Figure 4.3 Isomerisation of trimethyl cyanurate to trimethylisocyanurate
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Another reaction alkyl cyanurates undergo is ester exchange120. This can be observed 
when they are heated with materials containing hydroxyl moieties. Refiuxing trimethyl 
cyanurate with sodium ethoxide in ethanol can result in total ethyl / methyl exchange. 
Whilst to date no report has been made o f ester exchange between aryl cyanurates and 
alcohols, a similar reactions have been observed with amines at high temperatures.
4.2.2. Prior art to formation of linear poly(cyanurate)s
The reactivity of chloro-triazines to alcohols in the presence of base was first used to 
obtain polymeric products by Picklesmeyer69 1965. The foimation of crosslinked 
polycyanurates by interfacial copolymerisation of cyanuric chloride in toluene with 
aromatic diols in basic aqueous media was reported. Dense polymeric films were formed 
at the undisturbed interface and could be removed for analysis by IR spectroscopy. This 
was the method used to generate the crosslinked cyanurate film analysed in chapter 2.
These crosslinked systems were of little use practically as they were insoluble and 
intractable materials. Reports have been found in the literature which suggest that 
crosslinking reactions with cyanuric chloride can be overcome if vigorous agitation is 
maintained during the polymerisation127. However, despite these claims, the thrust of 
research has been towards the more controlled approach of using capped dichloro- 
triazines as monomers to prevent crosslinking and to promote the formation of linear 
polymers. An in-house study of the reaction of cyanuric chloride with bisphenols under 
phase-transfer conditions showed limited potential for the formation of useful polymeric 
products because of problems encountered with crosslinking and gelation.
Early preparations of linear poly(cyanurate)s used single solvent systems and high 
temperatures to condense aromatic bisphenols with a number of 2-substituted-4,6- 
dichloro-s,-triazines in the presence of base128. It was shown by Nakamura129 that similar 
results could be obtained at much lower temperatures if phase transfer conditions were 
employed using water, a water immiscible organic solvent and a cationic phase transfer 
catalyst. Nakamura carried out an extensive survey of the potential of phase-transfer 
copolymerisation of capped dichlorotriazines. 40 different polymers were reported which 
were synthesised using a variety of substituted dichlorotriazines and aromatic bisphenols.
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+ Salt +  Water
Figure 4.4 Formation of linear triazinyl polyethers by interfacial polymerisation
The phase transfer catalysts used were usually quaternary salts of organic amines. 
Quaternary salts bearing a large aliphatic chain were found to be the most effective. The 
surfactants act as phase transfer catalysts (PTC), carrying the phenoxide from the aqueous 
phase into the organic phase where it reacts with a chlorotriazine unit, liberating the 
catalyst which then returns to the aqueous phase.
Free bisphenoxide ------------------- ► Formation of 2:1
Different Processes which increase Mw and liberate PTC
1. Reaction of 2:1 PTC/bisphenoxide adduct with dichlorotriazine
2. Reaction of 2:1 PTC/bisphenoxide adduct with chloro-terminated chain
3. Reaction of choro-terminated chain and phenoxide-terminated chain
PTC = Phase transfer catalyst
Figure 4.5 Phase-transfer copolymerisation of dichlorotriazines with bisphenols in presence of 
base
There are a number of steps which occur simultaneously during the copolymerisation of 
dichlorotriazines with aromatic bisphenols. These are described in the following sections 
and are: formation of PTC-phenoxide adduct (Figure 4.6) , chain initiation (Figure 4.7), 
chain growth (Figure 4.8), chain addition (Figure 4.9) and chain termination by hydrolysis 
(Figure 4.10). In these schematics the phase transfer catalyst is represented by RMe3lSfBr. 
Where R represents an «-alkyl chain containing 16 or more carbon atoms. The backbone
(Chain initation) 
(Terminal Chain Growth) 
(Chain Addition)
R
n n HO-
A A .
-Ar*
Base, Phase Transfer Catalyst
-OH --------------- >
Cl N Cl
R
nA n
- o f r  A -  O-Ar-N
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of the aromatic bisphenol (X) can be any commonly encountered linking group including: 
isopropylidene, methylene, ether, thioether or carbonyl.
4.2.2.1. PTC-bisphenoxide adduct form ation
In this process the bisphenoxide formed by the deprotonation of the bisphenol by aqueous 
base forms an adduct with the tertiary amine in a ratio of 1:2. This reduces the ionic 
character of the adduct with respect to the individual molecules and the large organic 
moieties aid the dissolution of the adduct in the organic phase130.
+ 2 NaBr+ _
2 R M e -N  Br
Figure 4.6 Formation of 2:1 PTC-bisphenoxide adduct 
4.2.2.2. Chain in itia tion
In this step, the PTC-adduct reacts with two molecules of dichloro-triazine to give an unit 
with an active chlorine atom on each end. This forms the central unit for further chain 
growth. The same processes can take place at either end of the chain and growth is 
statistically equally likely to occur at either.
Figure 4.7 Chain initiation by reaction of 2:1 adduct with dichlorotriazine 
4.2.2.3. Chain growth
Chain growth occurs by sequential reaction of one molecule of the 2:1 PTC-bisphenoxide 
adduct with one end of the polymer chain bearing a chlorotriazinyl moiety followed by 
reaction of a molecule of dichlorotriazine with the second complexed phenoxide group.
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Each step of chain growth liberates one molecule of PTC and one chloride ion, both of 
which return to the aqueous phase.
R
. N ^ N  
Cl N CI
R
N ^ N
Figure 4.8 Sequential reaction of 2:1 PTC/bisphenoxide adduct and dichlorotriazine resulting 
in terminal chain growth
4.2.2.4. Chain addition
From Figure 4.8 it can be seen that the first stage of chain growth results in a chain 
terminated with a phenoxide group which is reactive to chlorotriazine and that the second 
stage of the reaction results in a chain terminated chlorotriazine group which is reactive to 
phenoxide. The reaction of one of each of these groups on different polymer chains will 
result in their addition (see Figure 4.9). This step increases the molecular weight averages 
of the polymer more rapidly than terminal chain growth and for this reason is not 
considered to be a terminating process. The other end of the chain remains active and the 
molecular weight of the polymer can continue to increase.
Chain—O'
R
X - A  V ~  0~N -M e,R + * A n
c A A ~ “ ° chain
R
,—v n A m
Chain— O - ^  f f - X - f   0 -------Chain + Me3RNtl~
Figure 4.9 Chain addition process
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4.2.2.5. Termination processes
There are two reactions which can take place which limit the molecular weight of the 
polymers formed in this reaction (see Figure 4.10). The first one involves the phenoxide 
functionality. In the presence of oxygen, the phenoxide oxidises readily to form a quinoid 
structure which is not an active nucleophile. To avoid this, the aqueous phase is 
thoroughly degassed using a nitrogen purge prior to the start of the reaction and a positive 
pressure of nitrogen gas is maintained throughout the polycondensation.
The second type of termination step which can occur is the hydrolysis of a chlorotriazine 
unit to give an hydroxy-triazine terminated chain. This is unreactive to further 
condensation reactions and terminates chain growth or addition. Braun and Ziser have 
proposed two other processes which could limit the molecular weight of linear triazinyl 
polyethers namely: reduction in reaction rate due to diffusion control and chain 
termination due to ring formation130.
Oxidation of Phenoxide
Hydrolysis of Chlorotriazine
R R
HC1/H?0 /L
A  A  ~  * X XChain-0 N Cl Chain-O N OH
+ 2HC1
Figure 4.10 Termination processes which limit the molecular weight of linear triazinyl ethers
4.2.2.6. More studies of linear poly(cyanurate)s
Nakamura’s work129 concentrated on obtaining materials which exhibited high thermal 
stability and good mechanical resistance. Little attention was paid to the processability of 
the resulting polymers or the optimisation of the polymerisation conditions. It was 
reported that all alkoxy-cyanurates either decomposed or crosslinked on heating at 200 °C 
for 60 minutes. Apart from evidence which showed that a decrease in the solubility of 
some materials was observed on heating no further evidence was presented to support this 
claim.
In later years a number of workers refined Nakamura’s method to synthesise other linear 
cyanurate polymers. In 1984, Shah59 made a study of the
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copolymerisation of methoxy-dichloro-s-triazine with naphthalene-2,7-diol using 
chloroform as the organic phase and sodium hydroxide as the base. Cetrimide, a mixture 
of trimethyl-alkyl ammonium bromides in which the alkyl substituent varies in length 
between 14 and 18 carbon atoms, was used as the phase transfer catalyst. The polymer 
obtained after 5 hours at 25 °C was reported to be tough, readily soluble in chlorinated 
solvents and could be cast as films with good mechanical resilience. A phase volume ratio 
(PVR) (organic: aqueous) of 1 was used. Stability in air to 300 °C was also reported. 
Analysis by DSC showed that this material exhibited a strong exotherm between 225 and 
270 °C upon heating at 10 K.min"1. As no weight loss was observed between these 
temperatures Shah attributed the exotherm to a strong crystallisation.
In the same year Parsania and co workers101,102 reported the formation of a linear 
poly(methoxy-cyanurate) by reacting l,r-bis(4-hydroxy-phenyl)-cyclohexane with 
methoxy-dichloro-s-triazine (MDCT) for 5 hours at 10 °C in a water-chloroform system 
under phase transfer conditions. Cetyl-dimethyl-benzyl-ammonium chloride was used as 
the phase transfer catalyst. The polymer was reported to have Tg of 200 °C (DSC, heating 
rate 10 K.min"1). A strong exotherm between ca. 240 and 300 °C was also reported. A 
rapid onset of decomposition was observed above 300 °C. Like Shah, Parsania attributed 
this exotherm to crystallisation of the polymer but did not investigate the phenomenon 
further.
OCH,I 3N ^ N  +
J L A .Cl N 'Cl
CHC13/ Water 
PTC, Room Temp -
 ►
OCH.I 3N ^ N
' W k
Bisphenol-C
Figure 4.11 Formation of poly(methoxy-cyanurate) of bisphenol-C
In 1991 Vangani et al reported the formation of a terpoly(methoxy-cyanurate) formed by 
the terpolymerisation of MDCT with bisphenol-A (BPA) and 4,4’-dihydroxydiphenyl 
methane (bisphenol-F)lo° under similar conditions to Parsania. The polymer was reported 
to have a glass transition at 156 °C (DSC, heating rate 40 K.min"1) and exhibited a strong 
exotherm between 200 and 350 °C. The polymer was characterised by FTIR, GPC,
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viscometry and NMR. The polymer was reported to have a M w 1.7x10s and a 
polydispersity of 1.56 (determined by GPC against poly(styrene) (PS) references).
In 1993 Tandel and coworkers134 made a study of the individual copolymerisations of 2- 
morpho lino-4,6-dichloro-s-triazine with bisphenol-A, 4,4’-dihydroxy-diphenyl-sulphone 
(bisphenol-S) and bisphenol-C. They employed similar conditions to Shah except that a 
PVR (organic: aqueous) of 0.33 was used instead of 1. They reported the formation of 
materials with stability in air ranging from 185 to 200 °C. Terpolymers of the 
dichlorotriazine, bisphenol-S and bisphenol-C were reported.
Two recent papers by Kalola et a /.135,136 and one by Kamani137 et a l have continued 
Parsania’s group’s study of car<7o-poly(methoxy-cyanurate)s. They describe the synthesis 
and properties of the copoly(methoxy-cyanurate) of 3,3’-dimethylated bisphenol-C and a 
terpoly(methoxy-cyanurate) prepared using dimethylated-bisphenol-C, bisphenol-S and 
MDCT. Identical polymerisation conditions to their previous publications were used. The 
simple copolymer was reported to exhibit a softening transition at 157 °C (in contrast to 
their interpretation of very similar data, published in 1985, in which they reported a glass 
transition) and a strong exothermic process between 170 and 250 °C. Again, the 
exothermic process was attributed to a crystallisation without supporting evidence. A 
kinetic analysis of the DSC data showed that the exothermic process had an activation 
energy of 35.8 kcal.mol'1. It is interesting to note that in their kinetic analysis the tails of 
the exotherm were neglected. Mechanical tensile testing showed this material (prior to 
heating) to have an average tensile strength of 526 kg. cm'2 and an elongation at break of 
8%. The polymer was fractionated by precipitation from dichloroethane with butan-l-ol at 
30 °C. GPC analysis (against PS standards) revealed Mw values for these fractions of 
between 114x105 and 18xl03 Daltons (polydispersities between 2.9 and 4.8).
In 1994 Braun and Ziserl3° made a study of the copolymerisation of some alkoxy- and 
some amino-substituted dichloro-s-triazines with various aromatic bisphenols. They 
addressed the effects of the reaction conditions upon the reduced viscosities of the 
polymers formed. The effect that the choice of phase-transfer catalyst (PTC), base and the 
addition of monofunctional phenol had upon the resulting polymers was also investigated. 
A PVR of 0.25 was found to be the optimum ratio of organic to aqueous phase. After 3
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hours at 30 °C the condensation of bisphenol-A with 2-ethoxy-4,6-dichlorotriazine 
(EDCT) was reported to give polymers with M w between 38x10° and 254x10° (GPC 
against PS standards) according to the PTC employed. Phase transfer catalysts containing 
at least one benzyl group were found to be more effective in catalysing the polymerisation.
A second publication followed138 in which the mechanical properties, Tg, thermal stability, 
Vicat softening temperature and crystallinity by wide angle X-Ray scattering (WAXS) 
were investigated. After heating to 300 °C, The materials exhibited T fs  of between 161 
and 237 °C (DSC heating rate 20 K.min'1). They also reported: Vicat softening 
temperatures of between 149 °C to 231 °C. Samples prepared by heating at 260 °C under 
a pressure of 100 kg.m'2 exhibited: tensile strengths ranging from 32 to 76 N.mm"2, tensile 
modulii of between 2700 and 6400 N.mm'2 and elongations at break between 0.6 and 6%. 
Certain linear copoly(diphenylamino-cyanurate)s were shown to be semi-crystalline.
The results published in the literature cited above make linear triazinyl polyethers look 
promising as potential polymeric binding materials with the potential to maintain good 
mechanical performance at temperatures in excess of 200 °C. However, there appears to 
be some confusion regarding their thermochemical stability on heating to 300 °C. It is 
obvious that the thermal and physical properties of the polymers are dependent on the 
nature of the backbone and  the capping group on the triazine monomer. Some data from 
different groups appeared to be conflicting and thus a initial investigation of the behaviour 
of a range of linear copoly(cyanurate)s was warranted.
In this study, the IR transparency was considered of paramount importance and with this 
in mind it was decided that 2-methoxy-4,6-dichloro-s-triazine should be used as the main 
triazine monomer to keep the polymer structure as simple as possible. To evaluate the 
potential of this family of materials MDCT was copolymerised with a number of 
commercially available aromatic bisphenols. The copolymerisation o f 2-phenoxy-4,6- 
dichloro-s-triazine and 2-pentabromophenoxy-4,6-dichIoro-triazine with bisphenols was 
also investigated. Cetrimide was chosen as the PTC as it was available commercially at 
low cost. The next section describes the synthesis of the dichlorotriazine monomers.
4.2 Background Chemistry
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4.3. Synthesis of Capped Dichloro-triazines
The definitive papers published on the synthesis of capped dichlorotriazines were written 
by Thurston and coworkers121'123 in 1951. In these pieces of work the syntheses for a 
variety of dichlorotriazines including the phenoxy- and methoxy- substituted materials 
were described. These all involved the nucleophillic substitution of cyanuric chloride, 
either in acetone or alcoholic solution, with an alkoxide group or other mono-functional 
nucleophile. In some instances the alcohol could be used as both solvent and nucleophile. 
The base used in most methods was either sodium hydrogen carbonate or sodium 
hydroxide. The 2,4-dichloro-6-substituted-triazines were found to be active reagents for 
the formation of various di- and tri-substituted triazines.
4.3.1. Synthesis of 2-methoxy-4,6-dichloro-s-triazine (MDCT)
The method published by Thurston123 et a l was used. Sodium hydrogen carbonate was 
added to a suspension of cyanuric chloride (184.4g, 0.01 mol. Aldrich Chemical Co. 98%) 
in a mixture of AnalaR methanol (BDH, 1000 cm3) and water (125 cm3). The base was 
added slowly with stirring and cooling to keep the temperature of the reaction mixture 
below 20 °C. After the addition of base, the mixture was allowed to rise to room 
temperature with stirring until all effervescence had subsided. The white precipitate which 
formed was filtered off and washed quickly with water (2 x 300 cm3) and then with 
methanol (2 x 300 cm3). The product was dried for 24 hours at 50°C under vacuum. 
Slight sublimation of the product was apparent under these conditions. [CAUTION: Care 
should be taken when handling the dry product as it is a strong lachrymator with an 
unpleasant odour.]
2-methoxy-4,6-dichloro-s-triazine was obtained as a white crystalline material melting at 
87 to 88°C (lit. 89 °C) The yield obtained was 107 g (60%). The monomer gave the 
elemental analysis below and was used without further purification.
Elemental Analysis Calculated Found
Carbon 26.69%  26.14%
Hydrogen 1.68 % 1.52 %
Nitrogen 23.35%  23.29%
Calculated fo r  C4H3N3OCI2
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IR Analysis: 3.3J (m), 6.14 (s), 6.47(s), 6.62(s), 6.72(s), 6.91 (s), 7.18(s), 7.65(s), 7.92(s), 8.33(s), 8.56(s), 
9.47(s), 10.22(mw), 10.88(s), 11.78(s), 12.37(s), 15.43(s), 18.44(s) pm
1H  NMR Analysis 60 MHz: CDCl3:S  4.15 ppm (singlet) - methoxy protons
4.3.2. Synthesis of phenoxy-dichloro-s-triazine (PDCT)
Cyanuric chloride (18.44g, 0.01 mol. Aldrich 98%) was dissolved in chloroform (250 cm3) 
and placed in a 500 cm3 round-bottomed flask with a magnetic stirrer and a dropping 
funnel. To this, a solution of phenol (10.4g, 1.10 mol., BDH 97%) and sodium hydroxide 
(4.50g 1.12 mol.) in water (50 cm3) was added slowly with stirring. The mixture was 
brought up to 50 °C and kept at this temperature for 1 hour. After cooling the chloroform 
layer was washed with dilute sodium hydroxide solution and dried over magnesium 
sulphate. The chloroform was removed under pressure at room temperature. The solid 
obtained was recrystallised from toluene and dried at 50 °C under vacuum overnight. This 
method gives 2-phenoxy-4,6-dichloro-5-triazine at a yield of 15.4 g (63% theor.) The solid 
is white and crystalline, DSC analysis showed a sharp melt endotherm between 113-114 
°C in perfect agreement with literature. A very weak endotherm was also visible at the
melting point of phenol (41 °C) suggesting that co-crystallisation might be occurring.
Repeated attempts to recrystallise from different solvents and solvent mixtures failed to 
give significant improvement in the purity of the monomer. Small-scale purification of the 
material using a Kugelrohr heater gave a small quantity of the material with an identical 
melting point to the major melt obtained before sublimation (113-114 °C). The elemental 
analyses presented below in brackets correspond to the sublimed material while the other 
values are for the material recrystallised from toluene.
Elemental Analysis Calculated Found
Carbon 44.66% 50.34 (44.90) %
Hydrogen 2.08% 2.15(2.10)%
Nitrogen 17.36% 16.07 (17.22) %
Calculated fo r  CgHsNsOCf
The elemental analysis for this product indicated that there was a slight amount of 
unreacted phenol in the material (which would correspond to 94% molar purity based on 
the area of the smaller DSC peak). However, analysis by NMR and IR showed the 
monomer to be sufficiently pure for use in subsequent polymerisations. The effect of the
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residual phenol would, if anything, be to limit the maximum attainable molecular weight by 
chain-capping. It was not possible to identify any bands in the IR spectrum which were 
directly attributable to the residual phenol.
NMR Analysis 60 MHz: 57.0- 7.5 (complex multiplet) phenoxy- protons
IR Analysis: 3.27(w), 5.77(w - overtone?), 6.25(s), 6.32(s), 6.68(s), 7.34(s), 8.23(s), 9.20(mw), 9.75(s), 
10.0(s), 11.50 (m), 12.33(s), 13.03(s), I4.43(s), 16.20 (w), 16.60 (m) , 19.96(m) pm
4.3.3. Synthesis of 2-pentabromophenoxy-4,6-dichloro-s-triazine (PBPDCT)
This was prepared by an adaptation of the method reported by Thurston123 et al. Thus, 
cyanuric chloride (Aldrich: 1.844g, 0.01 mol.) was dissolved in 150 cm3 acetone and 
chilled to 0 °C. To this, a solution of pentabromophenol (Aldrich: 4.885g, 0.01 mol.) and 
sodium hydroxide (0.40g, 0.01 mol.) in water (30cm°) was added with cooling to keep the 
reaction mixture at 0 °C throughout the addition. The reaction mixture was stirred for 1.5 
hours at 0 °C, then allowed to return to room temperature and was stirred for 45 minutes. 
The white precipitate which formed was filtered off and dried at 50 °C under vacuum. The 
yield of light tan solid was 5.612g (88% theor.) and exhibited no melt transition below 270 
°C. Decomposition in nitrogen was found at temperatures in excess of 330 °C. The 
elemental analysis was in reasonable agreement with the theoretical values. The solid was 
soluble in tetrahydrofuran (THF), chloroform and dichloromethane. Recrystallisation gave 
no improvement in the nitrogen content of the material as determined by further elemental 
analyses.
Elemental Analysis Calculated Found
Carbon 16.98% 16.84%
Hydrogen 0% 0%
Nitrogen 6.60% 5.70%
Calculated fo r  CpNf)Br5Cl2
4.4. Interfacial Polymerisation Under Phase Transfer (PT) Conditions.
Initially the polymerisation method described by Shah59 was used. A PVR of 1 was used 
and the PTC was added at concentration of 6 mol. %. Later studies showed that a PVR of 
0.25 as adopted by Braun and Ziserlj0 yielded higher molecular
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weight products. Cetrimide (Aldrich Chemical Co.) was employed as the PTC in the 
copolymerisations which were all carried out under nitrogen to prevent termination by 
oxidation of phenoxide. Various organic phases were employed including: 
dichloromethane, chloroform, o-dichlorobenzene (ODCB) and nitrobenzene. 
Dichloromethane was the organic solvent of choice as it formed emulsions under PT 
conditions which were easily broken by the addition of a small quantity of sodium 
hydrogen carbonate solution. ODCB and nitrobenzene were only used when poor 
solubility in dichloromethane or chloroform was encountered.
4.4.1. Polymerisation method
Thus, 2-substituted-4,6-dichloro-s-triazine (0.01 mol.) and Cetrimide (0.125g) were 
dissolved in a suitable organic solvent (25 cm3). A solution of sodium hydroxide (0.8g, 
0.02 mol.) in water (100 cm3) was prepared in a 3-necked, 250 cm3 round bottom flask 
and degassed for 30 minutes with a strong flow of nitrogen. The aromatic diol (0.01 mol.) 
was added to this solution and dissolved under a steady flow of nitrogen. The organic 
phase was then added rapidly to the aqueous phase with stirring at 600 r.p.m using a 25 
mm magnetic stirrer bar. An homogeneous emulsion was formed quickly. The reaction 
mixture was brought up to the polymerisation temperature which was kept constant using 
a thermostatted oil-bath. A positive pressure of nitrogen was employed throughout the 
polymerisation.
After a measured period of time, stirring was stopped and the emulsion was allowed to 
settle. Saturated sodium hydrogen carbonate solution or brine (25 to 50 cm0) was then 
added to the reaction mixture to break the emulsion. The organic phase was removed and 
the aqueous phase was extracted with fresh solvent (2 x 25 cm3). The organic extracts 
were then combined and dried over magnesium sulphate. The solvent was then removed 
under reduced pressure to yield the crude polymer. The polymer was purified by 
dissolution in 50 cm° of fresh solvent and precipitation into 200 cm0 of suitable non­
solvent. When dichloromethane or chloroform was used as the organic phase, hexane was 
used as the non-solvent. When heavier solvents such as o-dichlorobenzene (ODCB) or
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nitrobenzene were employed the non-solvent used was toluene. The precipitates were then 
filtered and dried under vacuum at 80 °C for 24 hours.
Early in-house studies attempted to use hydroquinone, resorcinol, catechol and 
tetrabromo-catechol as the aromatic diol monomer in copolymerisations with each of the 
capped dichlorotriazines described above. In all instances these materials did not yield 
polymers o f sufficient molecular weight to form films. In general, the molecular weight 
was limited by the tendency of the reaction products to drop out of solution from the 
organic phase as oligomers. This problem was encountered with all of the following 
solvents: dichloromethane, chloroform, o-dichlorobenzene and nitrobenzene. With the 
high boiling point solvents temperatures of up to 60 °C were tried. Above 60 °C, 
appreciable hydrolysis of the dichlorotriazine was observed and the molecular weight was 
limited. This low solubility in organic solvents is a problem frequently encountered with 
aromatic polymers which contain a high percentage of heteroaromatic units40 (triazine 
rings). It was, decided that bisphenols should be used to reduce the triazine to aromatic 
carbon unit ratios of the polymers thus increasing their solubility in the organic phase.
A range of commercial bisphenol resins were used in the initial study. All materials were 
used as supplied by the manufacturers without further purification after successful 
elemental analysis and IR spectroscopy. The materials used were: Bisphenol-A (BPA) 
(98%, Aldrich Chemical Co.), 4,4’-dihydroxybenzophenone (DHBP) (98%+, Aldrich 
Chemical Co.), Thiodiphenol (TDP) (97%+, Aldrich Chemical Co.) and 4,4’-dihydroxy- 
diphenyl ether (98%+ DHPE) which was supplied by Ciba Resins.
The structures of the bisphenols used and the polymers resulting from their 
copolymerisation with a range of dichlorotriazines are summarised in Figure 4.12 and 
Table 4.1. The solubility of the materials was assessed to ascertain whether the resulting 
polymer could be used to form films for infrared analysis. Attempts were not made to 
make solutions stronger than 20% by weight as they were generally very viscous and 
above this concentration it became very difficult to tell whether the polymer had been 
dissolved or merely swollen by the polymer. Solutions containing about 10% polymer by 
weight were best as they could be cast into films without the problems of surface striations 
and ‘skinning’.
4.4 Interfacial Polymerisation Under Phase Transfer (PT) Conditions.
Chapter 4 Initial Studies o f Linear Aromatic Poly(cyanurate)s 102
HO
O
, N^N
X  A
OH C l ^ N ^ C l
X Bisphenol (Abbreviation)
O dihydroxy-diphenyl ether (DHPE)
Polycondensation
-s—
O
^ 3
CH,
thiodiphenol (TDP) 
djhydroxybenzophenone (DHBP)
Bisphenol-A (BPA)
X
-o—
CH,
CH,
R- Polymer Abbreviation
CH3 dpemc
CsH5 dpepc
c6Br5 DPEPBPC
ch3 TDPMC
CH BPMC3
CH. BPAMC
Figure 4.12 Commercial bisphenols used in this initial study and their corresponding 
copolymers
4.5. Characterisation of Copoly(methoxy-cyanurate)s
All of the polymers which were formed were submitted to a variety of analyses including 
FTIR spectroscopy, TGA, DSC and GPC.
4.5.1. FTIR of copoly(methoxy-cyanurates)s
For chemical characterisation, the polymers formed were analysed by FTIR by whichever 
sampling method was simplest for each polymer. Thus, materials which could be cast from 
solution were analysed directly as films. When films could not be isolated for analysis, 
DRIFTS was used. To allow easy comparison of the normal transmission spectra with 
DRIFTS data in Kubelka-Munk units they are presented below in absorbance units. As the 
pathlength is not constant for different samples no interpretation of the intensities are 
made. The spectra are presented in Figure 4.13 and Figure 4.14.
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Intensity
Micrometers
Figure 4.13 IR Spectra of linear triazinyl polyethers (3-5 pm)
Intensity
Micrometers
Figure 4.14 IR Spectra of linear triazinyl polyethers (6 - 16 pm)
4.5.1.1. Peak assignments
Apart from the IR group frequencies attributable to the linking groups in the aromatic 
bisphenols, the polymers in this synthetic series show very few differences in their IR 
spectra from 3 to 16 pm. The majority of the bands can be easily assigned to distinct 
polymer structural units. These are summarised in Table 4.2. The only complications arise 
when two or more bands are coincident with one another or when the vibrational mode 
involves correlated motion of the entire molecule that cannot be described in terms of 
fundamental vibrational modes.
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Many of the bands unique to the different aromatic bisphenol linking groups are hidden 
underneath the stronger aromatic ring modes. Additional bands can, however, be observed 
for the BPMC polymer at 6.03 and 10.77 pm (1658 and 928 cm"1). These correspond to 
the C=0 stretching frequency and correlated mode involving the C=0 bond with the rest 
of the polymer backbone respectively.
All of the polymers also exhibit a strong band between 8.2 and 8.4 pm (1220 to 
1190 cm"1) which is not straightforward to assign. The symmetrical mode in which the 
C-0 stretches are coupled to the symmetrical triazine ring breathing motion appears as a 
band at 7.2 pm (1390 cm"1). Padgett and Hamner139, postulated that the band close to 8.2 
pm, which is common to all tri-substituted cyanurates, was due to a second mode 
involving a C-0 stretch correlated to motion of the substituents around the cyanurate 
system. This strong absorption was targeted as being the most important band to suppress 
through further development as it would contribute most to the emissivity of the material 
between 8 and 12 pm. The ratios of the peak areas (estimated as the product of peak 
height multiplied by width at half height) for the isolated C-H in-plane band at 9.85 pm 
and the strong band at 8.3 pm were made for TDPMC and DPEMC. The ratios calculated 
were 7.60 and 15.0 for DPEMC and TDPMC respectively.
Table 4.2 IR peak assignments for linear triazinyl poly ethers
W avelength (pm ) W avenum ber
(c m 1)
G roup A ssignm ent C om m ent
3.36 2976 aromatic C-H weak
6.33 1579 aromatic ring C=C/triazine strong
6.67 1499 aromatic ring C=C strong
6.95 1438 triazine semi-circle Strong
7.20 1390 sym. cyanurate C-O Strong
8.22 1216 assym. cyanurate see Ch. 5
8.56 1168 p-disubstituted. phenylene rocking
8.95 1117 c (t
9.3 1075 «
9.87 1013 « c
10.29 971 CC CC variable int.
11.56 865 O O F
11.39 877 c c
-11.87 -842 CC CC variable freq.
12.26 815 triazine O O F
-13.2 -757 variable freq.
3 Out of Plane deformation (OOP)
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4.5.1.2.Hemispherical directional reflectance (HDR) and transmittance (HDT)
As the IR spectra of the materials are similar across the series, one polymer sample
(DPEMC) was taken to be representative o f these linear triazinyl polyethers in assessing
their thermal emissivity. A film was prepared by casting from a 10% solution of
dichloromethane and the hemispherical directional transmittance and hemispherical
directional reflectance of the samples were determined. The transmittance measurement
was made at an angle of 0°. The reflectance measurement was made at an angle of 5°
which is the closest measurement angle to zero which is permitted by the optical design of
the SOC-100 reflectometer.
The integrated hemispherical directional spectral transmittance of the samples were 
determined from the hemispherical directional transmittance spectrum between the limits 
of 3-5, 8-12 and 2-14 pm for two films with different thicknesses. Each point used in the 
integration was spectrally weighted by the blackbody emission curve at 298K. This does 
not have a significant effect upon the values obtained, but is included to allow valid 
comparison with measurements taken at higher temperatures which may be made in 
future. It can be stated that a film of zero thickness will have 100% transmittance and this 
provides a third data point for a least squares fit through a plot of natural logarithm of 
transmittance against film thickness. To allow comparison with other films, the equation of 
this line was interpolated or extrapolated to give the transmittance of a film of the material 
with a thickness of 50 pm using Beer’s Law. If reflection from the back face of a film is 
neglected then the reflectance of a film should be independent of its thickness. For this 
reason an average reflectance for the two films is used to calculate the integrated 
hemispherical directional spectral emissivity for the three wavebands described above. The 
results obtained are presented in Figure 4.15 along with the HDT and HDR spectra 
measured on an 18 pm thick film of DPEMC.
Table 4.3 HD Transmittance, reflectance and emissivity of DPEMC normalised to 50 pm 
thickness using Beer's Law
Transmittance Normalised 
to 50pm 0°, 298 K
Average Reflectance 
5°, 298K
Emissivity 
50 pm, 0°, 298 K
3-5pm 8-12pm 2-14pm 3-5pm 8-12pm 2-14pm 3-5pm 8-12pm 2-14pm
0.70 + 
0.05
0.25 ± 
0.08
0.26 ± 
0.08
0.07 ± 
0.01
0.10 + 
0.01
0.09
±0.01
0.23+
0.06
0.65 ± 
0.09
0.65 + 
0.09
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Figure 4.15 Hemispherical directional transmittance and reflectance spectra of DPEMC film 
18 pm thick cast from 10% (wt.) solution in dichloromethane.
4.5.2. *H and 13C NMR of copo!y(methoxy-cyanurate)s
Each of the polymers was analysed by *H and ljC NMR and a DEPT multiple pulse 
analysis was used to identify the primary, secondary, tertiary and quaternary carbons in the 
polymers. In all cases the NMR spectra were in good agreement with those reported in the 
literature for other linear cyanurate polymers1^ ’136,1'’7.The major peaks apparent in the 
NMR spectra of each of the linear triazinyl polyethers are summarised below. Peaks 
attributable to the presence of residual Cetrimide were apparent in all samples. The 
NMR spectrum of Cetrimide comprises a peak at 51.24 due to the long chain methylene 
protons and a second peak at 6 3.3 corresponding to the methyl protons on the trimethyl- 
Cis ammonium ion.
4.5.2.1. DPEMC
It was not possible to obtain a well resolved spectrum for DPEMC. Using a 300 MHz 
instrument only broad peaks could be obtained. This problem is sometimes encountered 
with polymer solutions which have very long relaxation times and could be indicative of 
some form of chain entanglement in solution. This would be in keeping with the 
observations of Kalola1^7 who reported specific solvent effects on the conformational
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behaviour of some linear poly(cyanurate)s in solution. The l3C spectrum is well resolved 
and clearly identifies seven different carbon atom environments in perfect agreement with 
the idealised structure for the polymer141.
}H  NMR Analysis 300 MHz CD CL: 8  7.07 (d, broad, possibly two singlets, 8H), 3.97 (s, 3H, Hc-methoxy)
13C NMR Analysis 300 MHz CDCh: 6173.9 (C 2Q), 173.5 (CI6, 18), 154.7 (C8>6), 147.1 (C3, ii)
122.7 (Co^,10,12)1 119.5 (C 1,5,9,13), 55.6 (C24 methoxy)
24
Figure 4.16 Schematic of DPEMC for NMR assignment
4.5.2.2. BPMC
The NMR spectrum of BPMC has much better resolution than the DPEMC spectrum. 
It shows some additional fine structure. The basic proton types are easily identifiable and 
are described below. The aromatic proton signals appear as two pairs of doublets which 
would seem to suggest that there are /?-disubstituted phenylene groups in more than one 
environment in the polymer chain. The pair of lower field signals are stronger than those at 
higher field (the ratio of their intensities is 2.17). Initial inspection of this result may lead 
to the conclusion that there is a significant proportion of terminal phenol groups in the 
polymer. However, GPC data presented in section 4.5.3 which follows this one shows that 
the overall conversion of functional groups in the polymer is greater than 97%. It is, 
therefore, proposed that the additional bands are due to some form of chain 
conformational effect. Additional bands are also visible at a lower field than the major 
methoxy- proton signal at 3.98 ppm. This could also be due to a conformational effect 
around the triazine ring. The shorter relaxation times observed with BPMC compared to 
DPEMC suggest that BPMC behaves differently to DPEMC in solution in chloroform. 
This could possibly indicate that the carbonyl linking units reduce the tendency of the 
polymer to coil in solution. This could be due to either: polar interactions with the solvent 
or other polymer chains, differences in average molecular weight or maybe even
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differences in the conformational rigidity of the polymer chains resulting form the 
replacement of some of the backbone ether linkages with carbonyl linkages.
]H N M R Analysis 300 MHz C D C h: 57.88 (d, 4H, J=8.43 Hz, HJ, 7.32 (d, 4H, J=8.49 Hz, H J
3.98 (s, 3H, Hc-methoxy)
13C NMR Analysis 300MHz CDCL: 5194.1 (C7), 173.3 (C2Q), 172.7 (CI6fls), 154.9 (C6>8), 135.3 (C3J1),
131.9 (Ci'Sts>j3), 131.3 (unassigned), 121.8 (C2,4,10,12)
Figure 4.17 Schematic of BPMC Polymer for NMR assignment 
4.S.2.3. TDPMC
TDPMC gives a sharp NMR spectrum in solution. The assignments for the carbons and 
the protons are in good agreement with literature values on the basis of substituent effects 
and are listed below.
lH  NMR Analysis 300 MHz CDCL: 57.31 (d, 4H, J=8.55 Hz, HJ, 7.13 (d, 4H, J=8.53 Hz,
3.94(s, 3H, H J
13C NMR Analysis 300MHz CDCL: 5 174.0(C2Q), 173.3 (C1<5>18), 150.8 (Cn ,3,), 133.0 (C6i8),
132.6 (C2,4,10,12)> 132.5 (Cj'S'P jiJ, 55.8 (C2j)
24
Figure 4.18 Schematic of TDPMC for NMR assignment 
4.S.2.4. BPAMC
The assignments for this polymer are in good agreement published NMR spectra of 
BPAMC100 and assignments made by other workers studying crosslinked bisphenol-A 
dicyanate networks142,143
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lH  NMR Analysis 300 MHz CDCl3: 57.24 (d, 4H, J=8.8 Hz, H J, 57.07 (d, 4H, J=8.8 Hz., Hh),
3.94 (s, 3H, He), 51.67 (s,6H, H J
13C NMR Analysis 300MHz 5CDCl3; 5174.0 (C23), 5173.6 (C2l2S), 6149.8 (C2>n5), 5148.1 (C5i8).
5128.1 (CiAvs), 5121.9 (CUMI2), 555.8 (C27),
542.7 (C7),531.2 (C14,1S)
27^cHdj O
22.J*N ^ N 24
Figure 4.19 Repeat unit of BPAMC copolymer
2T^ n 2^5
26
Chemical Shift (ppm)
Figure 4.20 1H NMR’s of copoly(methoxy-cyanurate)s of commercial bisphenols
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4.5.3. GPC of copoly(methoxy-cyanurate)s
All the polymers formed were analysed by GPC to determine the molecular weight 
averages and distributions. In all instances N, N  ’-dimethylacetamide (DMAc) with 1% LiCl 
was used as the solvent in the GPC column which was maintained at 60 °C throughout. 
The results obtained are presented with a plot of their molecular weight distributions. It 
was not possible to analyse all the materials formed by GPC because of their low solubility 
in DMAc. Some of the copoly(methoxy-cyanurate)s were, however, soluble and their 
molecular weight averages are tabulated along with their degrees of polymerisation (x j 
and extents of monomer conversion (p) in Table 4.4.
Table 4.4 Molecular weight averages of copoly(methoxy-cyanurate)s of commercial 
bisphenols
Name Mn
(Daltons)
MP
(Daltons)
Mw
(Daltons)
Mz
(Daltons (Daltons)
M JM n xn P
BPAMC 33100 54400 264000 1001000 1591600 7.98 197 0.995
DPEMC 9800 27800 63600 185100 321514 6.49 63 0.984
BPMC 7100 24100 70400 253300 475400 9.92 44 0.977
TDPMC 2400 9400 11300 25600 39600 4.71 14 0.929
logMw
Figure 4.21 Molecular weight distributions of copoly(methoxy-cyanurate)s as determined by 
GPC
The first thing that is noticeable about these polymers is that they have very broad 
molecular weight distributions. This is not uncommon in condensation polymerisations in 
the early stages of reaction. The fact that there is a broad distribution even in the samples
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with high molecular weight suggests that at high degrees of conversion the reaction is 
being terminated by either diffusion control or hydrolysis of the active endgroups. This 
drop off in performance with reduced monomer conversion is in line with similar findings 
for other step-growth polymers
The BPAMC sample was reacted for 16 hours at room temperature and it is interesting to 
note that the molecular weight is considerably higher for this sample than for the other 
materials which were reacted for 12 hours each. The molecular weight distribution for the 
BPAMC is bimodal and a shoulder on the low molecular edge of the main peak suggests 
that the polymerisation is not complete. The polymerisation is an example of stepwise 
addition but could only really be considered as a true case once all the bisphenol monomer 
had been carried across into the organic phase by the PTC. BPAMC could be cast into 
films with good mechanical resistance down to thicknesses of 4 pm . This bimodal 
distribution prompted speculation that the molecular weight being attained using the 
polymerisation method was probably being limited by the chemical stability of the 
monomers during the polymerisation and not by capacity of the organic solvent system to 
sustain further increases in the molecular weight of the polymer. Increased solubility in 
chloroform due to the presence of the isopropylidene units in bisphenol-A could also go 
some way to explaining its apparent higher reactivity in the copolymerisation.
The DPEMC and BPMC polymers exhibit similar molecular weight distributions which is 
to be expected as they have identical polymerisation cycles. Again, the DPEMC 
distribution is slightly skewed suggesting that there is some redistribution of molecular 
weight occurring in the latter stages of the reaction. The TDPMC polymer has low 
molecular weight and in consequence exhibits poor film forming properties. Repeated 
attempts to form higher MW TDPMC at room temperature failed. The polymer tended to 
precipitate from the organic phase. When ODCB was used as the organic phase and higher 
temperatures were employed resulting materials were no more resilient. These problems 
could be indicative of excessive termination of the polymerisation by hydrolysis of the 
dichlorotriazine. It is concluded that this PT polymerisation method will only yield high 
molecular weight materials if it is carried out at, or below, room temperature.
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4.5.4. TGA of copoly(methoxy-cyamirate)s
All of the polymers formed from commercial aromatic bisphenols were analysed for their 
stability in air and nitrogen. The analyses were carried out between ambient and 490 °C. 
An atmospheric flowrate of 50 cm/min'1 and a heating rate of 20 K.min'1 were used for all 
measurements. The TGA data are summarised Table 4.5 and the TGA curves can be seen 
in Figure 4.22.
All the samples showed good thermal stability when heated isothermally for 1000 minutes 
in nitrogen and air at temperatures up to 190 °C. The same treatment at 250 °C caused all 
the samples to lose weight. All samples exhibited a slight weight loss between 120 and 160 
°C. This was attributed to loss of occluded solvent from the polymer matrix and in some 
instances was coincident with an endothermic thermal transition observed in the DSC 
heating curves which could possibly be indicative of a glass transition. For the most part, 
all of the samples exhibited similar stabilities in nitrogen and air. It was therefore decided 
that one polymer sample, DPEMC, should be subjected to more exacting 
thermogravimetric analysis.
The isothermal degradation of DPEMC was studied in air at several different 
temperatures. The results of these analyses are presented in Table 4.6.
TGA%
TempfC]
Figure 4.22 TGA curves for copoly(methoxy-cyanurate)s uuder nitrogen (heating rate 20 
K.min‘l, flowrate 50 cur/min'1)
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Table 4.5 Thermal stability of linear triazinyl polyethers in air and nitrogen (flowrate 50 
cmrimin'1)
Polymer■ Atmosphere Ti%
(°C)
t 2%
r o
T$%
CO
Ts%
(°C
Tjo%
C O
720%
r o C O
% Residue 
at 490 °C
DPEMC Nitrogen 333 372 384 394 404 420 417 55%
DPEMC Air 335 358 366 374 383 397 387 49%
BPAMC Nitrogen 214 319 354 378 395 413 412 54%
BPAMC Air 223 347 362 374 387 398 400 46%
BPMC Nitrogen 304 345 354 363 374 394 381 56%
BPMC Air 287 330 345 357 368 381 380 65%
TDPMC Nitrogen 278 346 360 370 381 396 391 53%
TDPMC Air 174 287 310 341 363 374 380 48%
a. Calculated from first derivative o f  TGA curve with respect to temperature.
Table 4.6 Isothermal TGA data for D P E M C  in nitrogen and air.
Temp. Atmosphere to.25% to. 50% ti% h% t$% tio% % wt. loss
(°C) (min.) (min.) (m in . (min.) (min.) (min.) at 1000 min.
190 Nitrogen - - - - - - 0
190 Air - - - - - - 0
225 Nitrogen 168 391 - - - - 0.8
225 Air 313 713 - - - - 0.7
300 Nitrogen 7 15 32 65 135 210 33
300 Air 1 1 2 11 31 48 46
On inspection of the TGA results in air and nitrogen it is clear that these linear triazinyl 
polyethers exhibit significantly higher thermo-oxidative stability than the polyurethane 
binders currently employed. This is of no great surprise as it would be expected that the 
high aromatic content of the polymers should increase their resistance to oxidative 
degradation. All of these binders meet the first criterion for thermoxidative stability 
specified in the project outline i.e. they exhibit a weight loss of less than 1% due to 
decomposition at a constant service temperature of 190 °C. The onset temperatures of 
degradation in air are not significantly different from those obtained in nitrogen. However, 
as expected, the rate of decomposition after the onset is greater in air than in nitrogen and 
the final char yields obtained in air are lower. Consequently, it can be concluded that linear 
triazinyl polymers may have potential for use in high temperature binder applications.
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Their stabilities are comparable to those exhibited by many aromatic polyamides40 which 
often exhibit onset o f weight loss at temperatures close to 300 °C.
4.5.5. DSC of copo!y(methoxy-cyanurate)s
Having established the thermal stability of the samples in nitrogen, each polymer was 
analysed by DSC. The heating programme detailed in Table 4.1 was used for all samples, 
unless analysis by TGA showed significant decomposition at the maximum temperature of 
300 °C, In these cases the temperature at which 2% weight loss was observed was used as 
the maximum temperature.
Table 4.7 Heating program used for evaluation of the thermal behaviour of linear triazinyl 
polyethers
Cycle No. Cycle Heating Rate T Start T E nd Hold Time
(K.min1) (°C) CQ (min.)
1 1st Heat 10 25 300 0
2 Cool -10 300 70 10
3 2nd Heat 20 70 300 0
The DSC thermograms obtained using this programme are detailed below. On the first 
heating cycle two thermal events were commonly evident: a possible glass transition and a 
strong exotherm. The temperatures which correspond to these events are denoted Ts, and 
Tp respectively. The onset and endset temperatures of the exotherm have been determined 
using the construction depicted in Figure 4.23. Two onset temperatures have been 
calculated. Tip is the onset based on triangulation from the apex of the exotherm. The 
second onset temperature is indicative of the temperature at which the exothermic process 
starts as indicated by a positive deviation from the baseline and is denoted T ’ip.. In an 
analogous fashion, two endsets are also calculated and denoted Tep and T ’ep respectively. 
The enthalpy of the exotherm, AHP was calculated using a standard method (Japanese 
standard JIS K 7122)71 and has been expressed in terms of J.g'1 and kJ.mol'1 (with respect 
to the repeat unit of the polymer chain).
On the second heating cycle all samples exhibited an increase in heat capacity which gave 
rise to a drop in the baseline characteristic of a material passing through its glass transition 
temperature. In all instances this occurred between the onset and endset temperatures of
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the exotherm in the first heating cycle. The temperature of this new glass transition is 
denoted Tg2. All thermal events observed for each of the linear triazinyl polyethers are 
summarised in Table 4.8.
DSC
Figure 4.23 Thermal events observed for linear triazinyl polyethers in first heating run
Table 4.8 Thermal events for linear triazinyl polyethers as determined by DSC
Polymer Tsi T’1 V Tip TP Tep T’cp AHP AHP TS2
(°Qa (°Qa (°Qa (°C)a (°C)a (°C)a (J-gY (kJ.mol1)1 (°C)b
DPEMC endotherm
visible
171 213 247 267 280 140 44.5 220
BPAMC 161 166 169 227 256 266 140 46.0 198
BPMC endotherm
visible
130 164 197 243 262 110 35.6 219
TDPMC 127 156 173 205 228 239 120 38.2 167c
A drop in heat capacity is observed before the onset of each of the exotherms save that of 
BPMC. However, in the cases of DPEMC and BPAMC the drop is ill-defined and broad. 
As microscopic observations indicate a degree of softening at temperatures corresponding 
to these exotherms there is insufficient data to allow the endothermic transition to be 
attributed to a glass transition with absolute certainty. Additional studies of the 
thermomechanical properties by DMTA or an equivalent method would be useful in
a determined using a heating rate of 10 K.min'1 
b determined using a heating rate of 20 K.min'1 
0 Two weak endotherms also apparent at 194 and 222 °C.
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ex p la in in g  th e  n a tu re  o f  th e  e x o th e rm . A  n u m b e r  o f  w o rk e rs  h a v e  r e p o r te d  e x o th e rm s  in  
p o ly (m e th o x y -c y a n u ra te )s  w h e n  s u b je c te d  to  s im ila r h e a tin g  c y c le s59,131' 133,135’136’.
H o w e v e r ,  it  is  in te re s tin g  to  n o te  t h a t  B r a u n  a n d  Z is e r 130’138, w h o  w o rk e d  e x ten s iv e ly  w ith  
2 ,4 -d ic h lo ro -6 -e th o x y -tr ia z in e , d id  n o t  r e p o r t  e x o th e rm ic  b e h a v io u r  in  th e i r  sam ples.
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DSC
TempfC]
F ig u re  4 .24  D S C  h ea tin g  cu rv e s  o f  l in e a r  tr ia z in y l p o ly e th e rs  fro m  f ir s t  h e a tin g  cycle
DSC
mW/mg
Temp[C]
F ig u re  4.25 D S C  th e rm o g ra m s  o f  se co n d  h e a tin g  cycle to  d e te rm in e  T g o f  L in e a r  tr ia z in y l 
p o ly e th e rs
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A t f irs t  in sp e c tio n , th e  n a tu re  o f  th e  c h a n g e s  in  th e  sa m p le s  w h ic h  g iv e  r is e  to  th e  s tro n g  
e x o th e rm s  o b se rv e d  w o u ld  a p p e a r  t o  b e  d u e  to  c ry s ta llisa tio n  in  th e  p o ly m e r  m a tr ix . T h e  
T G A  d a ta  sh o w e d  c lea rly  th a t  th e re  w a s  n o  w e ig h t lo ss  a s so c ia te d  w ith  th e  ev e n t. I f  th e  
e x o th e rm  is  d u e  to  c ry s ta llis a tio n  i t  im p lies  th a t  a t  le a s t so m e  o f  th e  p o ly m e r  m a tr ix  is  
a b o v e  i ts  T g. B e lo w  T g p o ly m e r  c h a in s  h a v e  lim ite d  m o b ility  an d  te n d  to  ex h ib it v e ry  lo w  
ra te s  o f  c ry s ta llisa tio n 72.
I n  a n  a t te m p t to  q u a n tify  th e  d if fe re n c e s  b e tw e e n  th e  e x o th e rm s  o b se rv e d  w ith  v a r io u s  
p o ly m e rs , a  k in e tic  an a ly sis  o f  th e  D S C  d a ta  w a s  m a d e  o n  th e  a s su m p tio n  th a t  a  s in g le  f irs t 
o r d e r  p ro c e s s  w a s  re sp o n s ib le  f o r  th e  e x o th e rm . T h e  e x o th e rm ic  p e a k  h a s  b e e n  a n a ly se d  
a c c o rd in g  to  th e  m e th o d  o f  S u n  e t  a l 144. T h e  m e th o d  e m p lo y e d  is  b a s e d  o n  th e  fac t th a t  
th e  k in e tic s  o f  an y  p ro c e s s  ( in c lu d in g  c ry s ta llisa tio n )  w h ic h  re su lts  in  th e  c o n v e rs io n  o f  a  
m a te r ia l f ro m  o n e  fo rm  to  a n o th e r  c a n  b e  d e s c r ib e d  b y  th e  g e n e ra lis e d  e q u a tio n :
W h e re  co is  th e  f ra c tio n  o f  c o n v e r te d  m a te r ia l in  th e  sa m p le  a t  t im e  t, T  is  th e  te m p e ra tu re  
k ( T )  is  a  te m p e ra tu re  d e p e n d e n t r a te  c o n s ta n t a n d  f ( c o )  is  a  g e n e ra lis e d  fu n c tio n  o f  th e  
d e g re e  o f  c o n v e rs io n . A ssu m in g  th a t  p r o c e s s  h a s  a n  a s so c ia te d  e x o th e rm , th e  in te g ra l 
a c ro s s  th e  p e a k  b e tw e e n  th e  lim its  T ip an d  T ep is  d e fin e d  a s  A .  B y  d efin in g  th e  h e a t- f lu x  
o n  th e  D S C  a t  t im e  t  is  g iv e n  b y  d H ! d t  e q u a tio n  4 .1 c a n  b e  w r i t te n  as:
I f  tor is  th e  in te g ra l u n d e r  th e  D S C  c u rv e  f ro m  T ip t o  T , it  fo llo w s  th a t  © is  e q u a l t o  A J A ,  
a n d  th e  fo llo w in g  re la tio n sh ip  h o ld s
i( f '
I f  th e  c o n v e rs io n  p ro c e s s  o b e y s  s im p le  k in e tic s  a n d  th e  k in e tic s  a re  o f  o r d e r  n . T h e n  th e  
r a te  o f  c o n v e rs io n  w ill b e  a  fu n c tio n  o f  th e  a m o u n t  o f  rem a in in g  u n -c o n v e r te d  m a te r ia l i .e .  
( 1 - A t J A )  a n d  th e  fo llo w in g  k in e tic  sc h e m e  sh o u ld  h o ld
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E q u a t i o n  4 . 4
.T h e  c h a n g e  o f  k ( T )  a s  a  fu n c tio n  o f  te m p e r a tu re  c a n  b e  d e sc r ib e d  b y  th e  A rrh e n iu s
c o n s ta n t ,  E a is  th e  a c tiv a tio n  e n e rg y  f o r  th e  th e rm a l p ro c e s s  an d  R  is  th e  g a s  c o n s ta n t
A s  A ,  A t  a n d  d H J d t  c a n  b e  o b ta in e d  f ro m  th e  D S C  c u rv e  i t  is  p o ss ib le  t o  c a lc u la te  a  v a lu e  
f o r  k ( T )  f o r  e a c h  te m p e ra tu re . I f  th e  r e a c t io n  i s  f irs t  o r d e r  ( i . e .  n = l ) ,  it  fo llo w s  th a t  a  p lo t 
o f  ln  k ( T )  a g a in s t 1 / T  sh o u ld  g iv e  a  s tra ig h t line . F r o m  th e  g ra d ie n t o f  th is  lin e  it  is  p o ss ib le  
to  c a lc u la te  E a a n d  £0 f o r  th e  o v e ra ll p ro c e s s .
T h e  re su lts  o b ta in e d  b y  ap p ly in g  th is  k in e tic  m e th o d  to  th e  d a ta  re c o rd e d  d u r in g  th e  
d y n a m ic  D S C  an a ly se s  o f  th e  c o p o ly (m e th o x y -c y a n u ra te ) s  o f  D H P E , B P A  , D H B P  an d  
T D P  c a n  b e  se e n  in  F ig u re  4 .2 6  a n d  th e  p a ra m e te r s  c a lc u la te d  a re  ta b u la te d  in  T a b le  4 .9 . 
E a c h  o f  th e  c u rv e s  e x h ib ite d  a  lin e a r  p o r t io n  in  th e  A rrh e n iu s  p lo t  b u t  in  e v e ry  in s ta n c e  
th e r e  w e r e  p o s it iv e  d e v ia tio n s  f ro m  lin e a r ity  in  th e  re g io n  T  >  T ep a n d  n e g a tiv e  d e v ia tio n s  
a t T  <  Tip. T h e  lim its  f o r  c a lc u la t in g  th e  lin e a r  p o r t io n s  o f  th e s e  c u rv e s  w e r e  se le c te d  a s  
fo llo w s . I f  th e  D S C  c u rv e  w a s  m o n o -m o d a l th e  lim its  T ip an d  T ep w e r e  u se d . I n  th e  
in s ta n c e s  w h e re  it  a p p e a re d  th a t  tw o  d is t in c t th e rm a l e v e n ts  o v e r la p p e d , th e  u p p e r  an d  
lo w e r  lim its  f o r  th e  r e g re s s io n  w e r e  re s p e c tiv e ly  in c re a s e d  o r  d e c re a s e d  b y  u p  to  3 0  °C  to  
m a x im ise  th e  q u a lity  o f  th e  lin e a r  f it th r o u g h  th e  d a ta .
T h e  te m p e ra tu re  ra n g e  o v e r  w h ic h  th e  d a ta  f i t te d  th e  f ir s t  o rd e r  k in e tic  m o d e l f o r  e a c h  
p o ly m e r  a n d  th e  q u a lity  o f  f it is  su m m a rise d  in  T a b le  4 .9 .
re la tio n sh ip  a n d  so  k ( T )  c a n  a lso  b e  w r i t te n  a s  k o e ~ E a / R T , w h e re  k 0 is  a  p re -e x p o n e n tia l
(8 .3 1 4 5 1  J .K ‘1. .m o r 1). S u b s ti tu t io n  o f  th is  re la tio n s h ip  in to  E q u a t io n  4 .4  r e s u lts  in  
e q u a tio n  4 .6 .
E q u a t i o n  4 . 5
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T a b le  4 .9  K in e tic  p a ra m e te rs  fo r  ex o th e rm  o b se rv e d  in  D S C  an a ly sis  o f  lin e a r  tr ia z in y l 
p o ly e th e rs
P o ly m e r L o w e r
T e m p
U p p e r
T e m p
% g e
A H
B 2 E a
- lkJ.mol
D P E M C 1 9 9 2 7 2 4 4 0 .9 9 9 1 5 5
B P A M C 1 6 9 2 5 6 9 5 0 .9 6 9 1 2 0
T D P M C 17 3 2 2 8 8 9 0 .9 7 3 2 3 0
B P M C 1 6 4 2 2 8 9 6 0 .9 9 6 1 7 3
l/TfltoprocalKdvin) ]yT(redprocaJKehm)
ttfm:
Rr=Q9736
-15- 
Q0019
y=-20SOk+43.^ 3
Rr=Q99S5
Q0Q21 Q0Q22
l/T(ReaprccdKd\in)
Q0Q23 Q0Q24 Q001S Q0019 Q0Q2 QG021 Q0Q22 QOQS Q0034 QOQ25
]/T(redprariKri\iri)
F ig u re  4 .2 6  A rrh e n iu s  p lo ts  fo r  ex o th e rm s o b se rv e d  in  D S C  an a ly ses  o f  copo!y(m ethoxy  
c y a n u ra te )s  o f  co m m erc ia l a ro m a tic  b isp h en o ls .
I t  is  in te re s t in g  to  n o te  th e  d e v ia tio n  f ro m  lin e a rity  a t  h ig h  a n d  lo w  te m p e ra tu re s . T h is  
o b s e rv a tio n  is  c o m p a tib le  w ith  th e  e x o th e rm  b e in g  d u e  to  a  c ry s ta llisa tio n  a s  c ry s ta llisa tio n  
k in e tic s  a re  k n o w n  to  d e v ia te  f ro m  n o rm a l k in e tic s  c lo s e  to  T g o r  T m. T h is  is  p a r tic u la rly  
n o tic e a b le  in  t h e  c a se  o f  D P E M C  w h ic h  h a s  a  s tro n g ly  sk e w e d  D S C  e x o th e rm  w ith  th e  ta il
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a t  lo w e r  te m p e ra tu re s  T h is  is  r e f le c te d  in  th e  f a c t  th a t  th e  lin e a r  f it o n  a p p lie s  o v e r  a  
te m p e r a tu re  ra n g e  c o r re s p o n d in g  to  a p p ro x im a te ly  4 4 %  o f  th e  to ta l  o b s e rv e d  e x o th e rm . 
T h e  re la tiv e  v a lu e s  o f  E a f o r  th e  p ro c e s s  d o  n o t  e x p la in  th e  r a te  d if fe re n c e s  o r  th e  
d if fe re n c e s  in  Tp f o r  th e  m a te r ia ls . I t  sh o u ld  b e  n o te d  w h e n  c o n s id e r in g  o th e r  l i te ra tu re  
th a t  K a lo la  an d  c o w o r k e r s  n e g le c te d  to  p re s e n t  s ig n ific an t s e c tio n s  o f  th e ir  d a ta  w h e n  
p e r fo rm in g  th e  sa m e  an a ly s is  a n d  in  c o n s e q u e n c e  o v e r-s im p lif ie d  th e ir  in te rp re ta t io n  o f  a  
v e ry  s im ila r e x o th e rm  o b se rv e d  in  th e ir  o w n  w o rk .
C ry s ta llisa tio n  k in e tic s  in  se m i-rig id  p o ly m e r  sy s te m s  a re  ra re ly  s im p le  a n d  c a n  b e  a ffe c te d  
d ra m a tic a lly  b y  f a c to r s  su c h  a s  m o le c u la r  w e ig h t d is tr ib u tio n , to r s io n a l b a r r ie r s  to  ch a in  
r e p ta t io n  an d  lo c a l o rd e r in g  e f f e c ts 145. E v e n  i f  su ff ic ie n t e v id e n c e  c a n  b e  a c c u m u la te d  to  
s u p p o r t  th e  h y p o th e s is  th a t  th e  e x o th e rm  is  c a u s e d  b y  c ry s ta llisa tio n , it  m u s t b e  
re m e m b e re d  th a t  th e  m o le c u la r  w e ig h ts  o f  th e s e  m a te r ia ls  a re  n o t  c o n s ta n t  a c ro s s  th e  
s e rie s  a n d  it  w o u ld  b e  in a p p ro p r ia te  to  a t te m p t to  d e r iv e  a  s t ru c tu re  p r o p e r ty  re la tio n sh ip  
b a s e d  o n  su c h  a s  sm a ll s u b s e t  o f  d a ta . T h e  k in e tic  t r e a tm e n t  a d o p te d  w o u ld  g iv e  lin e a r  
p lo ts  f o r  a n y  f irs t o r d e r  p ro c e s s ,  in c lu d in g  th e rm a l iso m e r isa tio n  o r  e v e n  d e c o m p o s i tio n  
a n d  so  c a n n o t h e lp  id e n tify  th e  n a tu re  o f  p ro c e s s  g iv in g  r ise  to  th e  e x o th e rm .
4.6. Conclusions from the Initial Study
T h is  c h a p te r  h a s  s h o w n  th a t  m a te r ia ls  c a n  b e  fo rm e d  f ro m  M D C T  a n d  a ro m a tic  b isp h e n o ls  
w h ic h  c a n  b e  c a s t  in to  film s w i th  g o o d  re s ilie n c e  a n d  th a t  th e s e  m a te r ia ls  e x h ib it th e rm o -  
o x id a tiv e  s tab ility  w h ic h  is  a d e q u a te  f o r  o u r  a p p lic a tio n . P ro b le m s  e n c o u n te re d  w ith  
so lu b ility , w h ic h  le a d  to  lim ite d  m o le c u la r  w e ig h ts  b y  th is  p o ly m e r is a tio n  m e th o d  p re c lu d e  
th e  u s e  o f  a ro m a tic  s u b s t i tu te d  d ic h lo ro tr ia z in e s  f o r  th e  p ro d u c t io n  o f  m a te r ia ls  w h ic h  a re  
su ita b le  f o r  u s e  a s  b in d e rs . I n  a  s im ila r fa sh io n  th e  u s e  o f  d ic h lo ro tr ia z in e s  c a p p e d  w ith  
h ig h ly  b ro m in a te d  u n i ts  is  a lso  n o t  re c o m m e n d e d .
O n  th e  b a s is  o f  th is  w o rk ,  it  w o u ld  a p p e a r  to  b e  n e c e s s a ry  to  u s e  a ro m a tic  d io ls  w ith  a t 
le a s t tw o  e q u iv a le n t p h e n y le n e  u n its  p e r  d ic h lo ro - tr ia z in e  u n it  to  e n s u re  a d e q u a te  
so lu b ility  th r o u g h o u t  th e  p o ly m e risa tio n . W h e n  a t te m p ts  w e r e  m a d e  t o  c a r ry  o u t  th e  
p o ly m e r is a tio n s  a b o v e  ro o m  te m p e ra tu re ,  p ro b le m s  w e r e  e n c o u n te re d  w ith  th e  in s tab ility
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o f  th e  c h lo ro tr ia z in e  e n d  g ro u p s  o f  th e  p o ly m e r  ch a in s . F o r  th is  r e a s o n  th e  p o ly m e risa tio n s  
th r o u g h o u t  th e  r e s t  o f  th e  s tu d ie s  in  th is  p ro je c t  w e r e  ca rrie d  o u t a t  ro o m  te m p e ra tu re .
T h e  M W D  f o r  B P A M C  w a s  n o te d  to  b e  b im o d a l a n d  th e  d is tr ib u tio n  f o r  D P E M C  is a lso  
s lig h tly  sk e w e d . T h e se  r e s u lts  c o u p le d  w ith  th e  h ig h  p o ly m e r y ie ld s  o b se rv e d  f o r  all th e  
m a te r ia ls  s u g g e s te d  th a t  th e  m o le c u la r  w e ig h ts  o f  th e  p o ly m e rs  c o u ld  p o ss ib ly  b e  in c re a se d  
a b o v e  th o s e  c u r re n tly  w h ic h  w e r e  b e in g  re a c h e d  b y  c h a n g in g  th e  p o ly m e risa tio n . A n y  
c h a n g e s  in  c o n d it io n s  s h o u ld  b e  ta rg e te d  to w a r d s  im p ro v in g  e ffic ien c y  o f  th e  ch a in  
a d d itio n  p r o c e s s  d e s c r ib e d  in  s e c tio n  4 .2 .2 .4  a s  th e  h ig h  p o ly m e r  y ie ld s  s u g g e s t  th a t  
tr a n s p o r t  o f  th e  b isp h e n o x id e  m o n o m e r  is n o t  th e  fa c to r  w h ic h  is  lim itin g  th e  m o le c u la r  
w e ig h ts  o f  th e  m a te ria ls . T h e  r e a c t io n  o f  c h lo ro tr ia z in e s  w ith  p h e n o x id e  io n s  is v e ry  fast. 
I f  th e  p o ly m e r is a tio n  w a s  u n d e r  so le ly  k in e tic  c o n tro l  th e  t r a n s p o r t  p ro c e s s e s  a c ro s s  th e  
o rg a n ic /a q u e o u s  in te r fa c e  w o u ld  b e  e x p e c te d  to  c o n tro l th e  p ro g re s s io n  o f  th e  
p o ly m e r isa tio n . H o w e v e r ,  g iv e n  th a t  c h lo ro tr ia z in e s  a re  k n o w n  to  h y d ro ly se  o n  p ro lo n g e d  
c o n ta c t  w ith  w a te r  i t  is  lik e ly  th a t  th e  r a te  o f  h y d ro ly s is  o f  th e  c h lo ro tr ia z in e  u n its  a ls o  h a s  
a n  im p o r ta n t  p a r t  to  p la y  in  th e  p o ly m e r is a t io n  k in e tic s . T h e  u s e  o f  a  d iffe ren t P T C  m ig h t 
in c re a se  th e  r a te  o f  r e a c tio n ,  r e d u c in g  th e  t im e  ta k e n  to  re a c h  a  g iv e n  m o le c u la r  w e ig h t 
an d  th u s  r e d u c e  th e  p e r c e n ta g e  o f  a c tiv e  c h lo ro tr ia z in e  u n its  w h ic h  h y d ro ly se  b e fo re  th e y  
c a n  r e a c t  w ith  p h e n o x id e  m o ie tie s .
T h e  t r a n s p a re n c y  o f  th e s e  m a te r ia ls  b e tw e e n  3 a n d  5 p m  is e x c e lle n t w ith  a  p re d ic te d  
s p e c tra l em iss iv ity  o f  0 .2 3  f o r  D P E M C . T h is  is  w e ll w ith in  th e  lim it o f  0 .4 0  s e t  in  th e  
p ro je c t  sp e c if ic a tio n . H o w e v e r ,  b e tw e e n  8 a n d  12 p m  D P E M C  ex h ib its  a n  em iss iv ity  o f
0 .6 5  w h ic h  is  u n a c c e p ta b le . A  s tro n g  b a n d  a t  8 .3  p m  is  p a r tic u la rly  p ro b le m a tic  a n d  is a  
m a jo r  c o n tr ib u to ry  f a c to r  t o  th is  h ig h  em issiv ity . T h e  firs t ta rg e t  in  th e  n e x t b o d y  o f  w o rk  
is  t o  e s ta b lish  th e  e x a c t n a tu re  o f  th is  b a n d  a n d  to  fo rm u la te  a  s t r a te g y  to  re m o v e  it f ro m  
th e  8 -1 2  p m  d e te c tio n  w in d o w . A ro m a tic  b a c k b o n e  m o d e s  a lso  se e m  to  p re s e n t  so m e  
problem s*  f th is  is  c o n tra ry  t o  th e  o r ig in a l in d ic a tio n s  o f  th e  an a ly s is  o f  th e  c ro ss lin k e d  
tr ip ^ in e  p o ly m e r  p re s e n te d  in  c h a p te r  o n e  w h ic h  su g g e s te d  th a t  th e  a ro m a tic  b a c k b o n e  
m o d e s  w o u ld  c a u s e  n o  m a jo r  p ro b le m s  in  th e  8 -1 2  p m  reg io n . T h e  n a tu re  o f  v ib ra tio n a l 
m o d e s  w h ic h  c o n tr ib u te  t o  th e  em iss iv ity  in  th e  8-12  p m  re g io n  a re  d isc u sse d  fu r th e r  in  
th e  n e x t c h a p te r .
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A ll o f  th e  sa m p le s  e x h ib it s tro n g  e x o th e rm s  b e tw e e n  19 0  a n d  2 3 0 '°C  u p o n  h e a tin g  in  
n itro g e n . A f te r  th is  h e a tin g , all sa m p le s  ex h ib it e m b rittle m e n t w h ic h  m u s t  b e  o v e rc o m e  i f  
th e  m a te r ia ls  a re  t o  b e  c o n s id e re d  f o r  e x te n d e d  u s e  a t  h ig h  te m p e r a tu re s .  I t  is  p ro p o s e d  
th a t  e m b rittle m e n t a n d  sh r in k a g e  o b se rv e d  w h e n  th e  m a te r ia ls  a re  h e a te d  to  3 0 0  °C  m a y  
b e  ra tio n a lis e d  in  te rm s  o f  a  c ry s ta llisa tio n  p ro c e s s . T h is  is  in  lin e  w ith  th e  p ro p o s a ls  o f  
S h a h  a n d  K au la . I t  s h o u ld  b e  m a d e  c le a r  th a t  th e re  is  n o th in g  e x c e p t  c irc u m s ta n tia l 
e v id e n c e  f o r  c ry s ta llisa tio n  a n d  th a t  th e  a b s e n c e  o f  c ry s ta llin e  m e lt e n d o th e rm s  in  th e  
se c o n d  D S C  sc an s  th r o w s  so m e  d o u b t o n to  th e  p re s e n c e  o f  a  w e ll  d e f in e d  c ry s ta llin e  
p h ase . I n  th e  so m e  o f  th e  fo llo w in g  c h a p te rs ,  s te p s  a re  ta k e n  t o  t r y  a n d  e i th e r  p ro v e  o r  
d is p ro v e  th e  c ry s ta llisa tio n  h y p o th e s is  a n d  to  re m e d y  th e  p ro b le m s  o f  e m b rittle m e n t.
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5.1. Introduction
T h e  la s t  c h a p te r  d e m o n s tra te d  th a t  l in e a r  p o ly (c y a n u ra te )s  c a n  b e  sy n th e s ise d  a t  m o le c u la r  
w e ig h ts  w h ic h  y ie ld  film  fo rm in g  m a te r ia ls  o f  a d e q u a te  so lu b ility  to  s h o w  p o te n t ia l  f o r  u s e  
as  b in d e rs . T h e se  s h o w  a c c e p ta b le  t r a n s p a re n c y  b e tw e e n  3 an d  5 p m  a n d  h ig h e r  th e rm o -  
o x id a tiv e  s ta b ility  th a n  b in d e rs  c u r re n tly  u s e d  b y  th e  M O D  f o r  L O  p a in t a p p lic a tio n s .
H o w e v e r , sh o rtfa lls  in  th e s e  m a te r ia ls  h a v e  b e e n  fo u n d . T h is  c h a p te r  a d d r e s s e s  th e s e  
p ro b lem s: id e n tify in g  th e ir  c a u s e s  a n d  th e n  p ro p o s in g  so lu tio n s  w h ic h  a re  in v e s tig a te d  
fu r th e r  a n d  d e v e lo p e d  in  la te r  c h a p te rs . T h e  p ro b le m s  c a n  b e  d iv id e d  in to  tw o  g ro u p s :
1. L o w  tr a n s p a re n c y  b e tw e e n  8 a n d  12 p m
2. E m b r itt le m e n t a n d  la c k  o f  th e rm o c h e m ic a l s ta b ility  a t  h ig h  te m p e ra tu re s .
E a c h  g r o u p  is  d e a lt w ith  in  tu rn .
5.2. Transparency in the 8-12 jam Region.
B e c a u s e  a  la rg e  p e rc e n ta g e  o f  o rg a n ic  s tru c tu ra l  u n its  h a v e  c h a ra c te r is t ic  g ro u p  
fre q u e n c ie s  b e tw e e n  8 a n d  12 p m , i t  c a n  o f te n  b e  d ifficu lt to  a c h ie v e  h ig h  t r a n s p a re n c y  in  
th is  w a v e b a n d  w h e n  u s in g  o rg a n ic  p o ly m e rs . T h is  h a s  b e e n  fo u n d  to  b e  th e  c a s e  w ith  th e  
lin e a r  c o p o ly (m e th o x y -c y a n u ra te ) s  p re s e n te d  in  c h a p te r  4.
T h e  f irs t  s ta g e  in  im p ro v in g  u p o n  th e  tra n s p a re n c y  o f  any  fam ily  o f  p o ly m e rs  is  t o  id e n tify  
th e  m o d e s  w h ic h  a b s o rb  in  th e  r e g io n  o f  in te re s t. T o  b e t te r  th e  u n d e r s ta n d in g  o f  th e  
v ib ra tio n a l b e h a v io u r  o f  c y a n u ra te  p o ly m e rs  a n d  to  ass is t in  a  th o r o u g h  a s s ig n m e n t o f  th e  
b a n d s  in  th e  8 -1 2  p m  re g io n , I R  s p e c tr a  o f  tw o  m a te r ia ls  a lre a d y  e n c o u n te re d  in  th is  th e s is  
h a v e  b e e n  c o n s id e re d  in  g r e a te r  d e p th . T h e  tw o  m a te r ia ls  c h o s e n  w e re  th e  c ro s s l in k e d  
c y a n u ra te  film  p re s e n te d  in  c h a p te r  2  a n d  D P E M C  p re s e n te d  in  c h a p te r  4 .
T h e  b a n d s  o b se rv e d  in  th e  I R  s p e c tr a  o f  th e s e  tw o  m a te r ia ls , b e tw e e n  8 a n d  12 p m  c a n  b e  
d iv id e d  in to  tw o  g ro u p s : th o s e  a t tr ib u ta b le  t o  th e  b isp h e n o l b a c k b o n e  r e p e a t  u n i ts  an d  
th o s e  w h ic h  a re  d u e  to  v ib ra t io n a l  m o d e s  in v o lv in g  th e  c y a n u ra te  u n it .  T h e  I R  b a n d
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p a t te rn s  a s so c ia te d  w ith  s u b s t i tu te d  p h e n y le n e  u n its  a r e  v e ry  w e ll c h a ra c te r is e d  a n d  
s p e c tra l a s s ig n m e n t o f  m a n y  o f  th e s e  b a n d s  c a n  b e  m a d e  w ith  a c c e p ta b le  c e r ta in ty  u s in g  
p u b lish e d  c o r re la t io n  tab les .
5 .2 .1 .  A b s o r p t io n s  b y  b i s p h e n o l  b a c k b o n e  u n i t s
A ll m a te r ia ls  c o n ta in in g  p - d is u b s t i tu te d  p h e n y le n e  u n its  e x h ib it tw o  w e a k , sh a rp  b a n d s  in  
th e  ra n g e s  8 .1 6 -8 .5  p m  ( 1 2 2 5 -1 1 7 5  c m '1)  a n d  8 .8 9 -9 .1 7  p m  ( 1 1 2 5 -1 0 9 0  c m '1) a s  w e ll a s  
tw o  o th e r  w e a k  b a n d s  b e tw e e n  9 .3 4  a n d  1 0 .0  p m  (1 0 7 0 -1 0 0 0  c m '1) T h e s e  b a n d s  
c o r re s p o n d  t o  a ro m a tic  C -H  in -p la n e  d e fo rm a tio n s . A n o th e r  b a n d  c h a ra c te r is t ic  o f  p -  
d isu b s titu te d  p h e n y le n e  u n its  is  o b s e rv e d  b e tw e e n  1 1 .6 0  an d  1 2 .5 0  p m  (8 6 0 -8 0 0  c m '1)  
w h ic h  a r ise  f ro m  th e  a ro m a tic  C - H  o u t-o f -p la n e  d e fo rm a tio n s . D e s p i te  th e  fa c t th a t  th e  
e x tra p o la t io n  o f  th e  c ro s s l in k e d  c y a n u ra te  film  m a d e  e a r lie r  in  th e  p ro je c t  s u g g e s te d  th a t  
th e s e  b a n d s  w o u ld  n o t  b e  p ro b le m a tic , th e  em iss iv itie s  m e a s u re d  f o r  th e  l in e a r  
p o ly (c y a n u ra te )s  in  c h a p te r  4  s h o w  th a t  a b s o rp tio n s  a t th e s e  w a v e le n g th s  a re  s ig n ifican t.
A ll c a rb o -a ro m a tic  r in g s  g iv e  b a n d s  in  th e  8 -1 2  p m  reg io n . H o w e v e r ,  th e  in te n s it ie s  a n d  
n u m b e r  o f  b a n d s  o b s e rv e d  a re  s tro n g ly  d e p e n d e n t o n  th e  su b s t i tu t io n  p a t te r n  a ro u n d  th e  
rin g s. A  su rv e y  o f  av a ila b le  l i t e r a tu r e  s u g g e s ts  th a t  th e  su b s t itu tio n  p a t te rn s  w h ic h  g iv e  th e  
le a s t a n d  w e a k e s t  b a n d s  b e tw e e n  8 a n d  12 p m  a re  th o s e  w h ic h  g iv e  r is e  to  iso la te d  r in g  
h y d ro g e n s  su c h  a s  1 ,3 ,5 - tr is u b s ti tu te d ,  1 ,2 ,4 ,6 - te tra s u b s t i tu te d  a n d  p e n ta - s u b s ti tu te d . O f  
th e s e  th r e e  1 ,2 ,4 ,6 - te tr a s u b s t i tu tio n  w o u ld  s e e m  to  b e  th e  e a s ie s t to  a c h ie v e  w ith  b isp h e n o l 
m o n o m e rs .
5 .2 .2 .  A b s o r p t io n s  b y  t h e  c y a n u r a t e  r i n g  s y s te m
T riaz in y l c o m p o u n d s  a re  k n o w n  t o  e x h ib it  m o re  c o m p le x  v ib ra tio n a l b e h a v io u r  th a n  c a rb o -  
a ro m a tic  r in g s9. T h e ir  v ib ra tio n a l m o d e s  o f te n  in v o lv e  th e  c o r re la te d  m o tio n  o f  tw o  o r  
m o re  s tru c tu ra l  u n its . I n  c o n s e q u e n c e  m a n y  o f  th e s e  m o d e s  a re  o f te n  c o n s id e re d  to  b e  o f  
l im ite d  an a ly tica l u s e  a n d  d a ta  re la t in g  t o  th e ir  s p e c tro s c o p ic  b e h a v io u r  a re  sp a rse .
N o rm a l m o d e s  c a lc u la tio n s  u s in g  g e o m e tr ie s  a n d  fo rc e  m a tr ic e s  c a lc u la te d  u s in g  se m i-  
e m p ir ic a l q u a n tu m  m e c h a n ic a l m e th o d s  c a n  b e  v e ry  u se fu l in  id e n tify in g  p o te n tia l  m o d e s  o f  
v ib ra t io n  in  c o m p le x  sy s tem s. U n fo r tu n a te ly  th e  c o m p u ta tio n a l r e s o u r c e s  w h ic h  w o u ld  b e  
n e c e s s a ry  to  c a r ry  o u t  a  n o rm a l m o d e  c a lc u la t io n  f o r  a  p o ly m e ric  sy s te m  lie  b e y o n d  th o s e
5.2 Transparency in the 8-12 pm Region.
Chapter 5 Improving upon the properties o f linear poly(cyanurate)s 127
av a ila b le  to  th is  p ro je c t. In  lig h t o f  th is ,  tw o  m o d e l c o m p o u n d s  w e re  d e v ise d  w h ic h  a im e d  
to  m im ic  th e  v ib ra tio n a l b e h a v io u r  o f  th e  tw o  p o ly m e rs  a ro u n d  th e  c y a n u ra te  r in g s  a s  
c lo se ly  a s  p o ss ib le . T h e  tw o  m o d e l c o m p o u n d s  c h o se n  w e re  tr ip h e n o x y -s - tr ia z in e  a n d  
d ip h e n o x y -m e th o x y -s - tr ia z in e . T h e ir  s tru c tu re s  c a n  b e  se en  in  F ig u re  5.1
triphenoxy-s-triazine diphenoxy-methoxy-5-triazine
F ig u re  5.1 M o d e l co m p o u n d s to  in v e s tig a te  th e  v ib ra tio n a l b e h a v io u r  o f c ro ss lin k ed  c y a n u ra te  
m a te r ia ls  a n d  D P E M C
T rip h e n o x y -s - tr ia z in e  s h o u ld  s e rv e  a s  a  g o o d  m o d e l c o m p o u n d  f o r  th e  v ib ra tio n a l 
s p e c tru m  o f  th e  c ro s s l in k e d  c y a n u ra te  film  d e s c r ib e d  in  c h a p te r  tw o  w h ile  th e  d ip h e n o x y -  
m e th o x y -5 -tr ia z in e  s h o u ld  p ro v id e  a n  a c c e p ta b le  m o d e l f o r  th e  v ib ra tio n a l s p e c tru m  o f  th e  
lin e a r  a ro m a tic  c o p o ly (m e th o x y -c y a n u ra te )s .  I t  sh o u ld  b e  n o te d  a t th is  s ta g e  th a t  th e  
c h a ra c te r is tic  a ro m a tic  s u b s t i tu t io n  b a n d s  b e lo w  9  p m  f o r  th e s e  tw o  m o d e l c o m p o u n d s  
w ill d iffe r  f ro m  th o s e  d e s c r ib e d  f o r  th e  / /-d is u b s t i tu te d  p h e n y le n e  u n its  a b o v e .
H o w e v e r ,  th e s e  d if fe re n c e s  a re  w e ll d e s c r ib e d  in  th e  l i te r a tu re 8,9 a n d  c a n  b e  ta k e n  in to  
a c c o u n t q u ite  easily . T h e  m o d e l c o m p o u n d s  a r e  e x p e c te d  to  g iv e  C -H  in -p la n e  m o d e s  in  
th e  ra n g e s  8 .5 1 -8 .8 9  p m  (1 1 7 5 -1 1 2 5  cm ’1)  , 9 .0 0 -8 .8 9  p m  (1 1 1 0 -1 0 7 0  cm _1)a n d  9 .3 4 -  
1 0 .0 0  p m  (1 0 7 0 -1 0 0 0  c m '1). T w o  s tro n g  b a n d s  a re  a lso  e x p e c te d  in  th e  r a n g e s  1 2 .9 8 - 
1 2 .8 2  p m  (7 7 0 -7 8 0  c m '1)  a n d  1 4 .0 8 -1 4 .4 9  p m  (7 1 0 -6 9 0  c m '1) w h ic h  c o r r e s p o n d  to  th e  
o u t-o f -p la n e  d e fo rm a tio n s  o f  fiv e  a d ja c e n t a ro m a tic  r in g  h y d ro g e n s .
5 . 2 . 2 . 1 . P M 3 p a r a m e t e r i s e d  n o r m a l  m o d e s  a n a ly s is .
P r io r  to  an a ly s is  u s in g  th e  P M 3  se m i-e m p iric a l m e th o d , U F F  m o le c u la r  m e c h a n ic s  w a s  
u s e d  to  f in d  th e  lo w e s t  e n e rg y  c o n fo rm a tio n  f o r  e a c h  m o le cu le . T h is  w a s  a c h ie v e d  b y  
g e n e ra tin g  5 0 0 0  s tru c tu re s  b y  ra n d o m ly  s e tt in g  th e  b a c k b o n e  to rs io n s  t o  d ih e d ra l a n g le s  
v a ry in g  b e tw e e n  ± 1 8 0 ° . E a c h  s tr u c tu re  h a d  c h a rg e s  a s s ig n e d  u s in g  th e  c h a rg e  e q u ilib ra tio n
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m e th o d  o f  R a p p e  a n d  c o w o r k e r s 102 a n d  w a s  m in im ise d  u s in g  th e  c o n ju g a te  g ra d ie n t 200 
m e th o d  to  a  c o n v e rg e n c e  lim it o f  0 .0 1  k c a l .m o l"1 (R M S ).
T h e  lo w e s t  e n e rg y  c o n fo rm a tio n  p re d ic te d  b y  th is  m e th o d  w a s  th e n  m in im ise d  u s in g  th e  
B F G S  m in im isa tio n  a lg o ri th m  a n d  P M 3  u n d e r  M O P A C 6 . A  g ra d ie n t c u t -o f f  o f  0 .0 1  
K c a l.m o l*1 (R M S ) a n d  a  s e lf -c o n s is te n t f ie ld  c o n v e rg e n c e  (S C F C R T ) c r i te r io n  o f  10 '9 w a s  
u s e d  in  e a c h  case . T h e  n o rm a l m o d e s  a n a ly s is  o f  th e  s tru c tu re s  w a s  c a r r ie d  o u t  b y  
sp e c ify in g  th e  k e y w o rd  F O R C E  in  th e  M O P  A C  in p u t file.
V ib ra tio n a l f re q u e n c ie s  w e re  s c a le d  u s in g  a  f a c to r  o f  0 .9 1 5  in  e a c h  case . T h is  v a lu e  w a s  
s e le c te d  t o  g iv e  th e  o p tim u m  c o r re la tio n  b e tw e e n  s im u la tio n  a n d  e x p e r im e n t fo r  th e  
f re q u e n c y  o f  th e  sy m m etric a l c y a n u ra te  C - 0  s tr e tc h  a t 7 .2 5  p m  (1 3 7 9  c m ’1). T h e  
in te n s it ie s  o f  th e  I R  m o d e s  w e r e  c a lc u la te d  a c c o rd in g  to  th e  m e th o d  d e s c r ib e d  in  c h a p te r
3. T h e s e  th e o re tic a l  in te n s itie s  w e r e  u s e d  to  h e lp  w ith  b a n d  a s s ig n m e n t f o r  th e  
e x p e r im e n ta l s p e c tr a  a n d  to  d if fe re n tia te  b e tw e e n  I R  in a c tiv e  R a m a n  a n d  I R  a c tiv e  m o d e s .
C o m p le te  sp e c tra l a s s ig n m e n ts  f o r  th e s e  m o d e l c o m p o u n d s  lie  b e y o n d  th e  s c o p e  o f  th is  
w o rk .  H o w e v e r ,  a s  w ith  th e  w o r k  p r e s e n te d  in  c h a p te r  3 th e  p re d ic te d  n o rm a l m o d e s  w e re  
v isu a lise d  u s in g  th e  M O P  A C  in te r fa c e  in  C e r iu s 2. W h e re  av a ilab le , p e a k  ta b le s  f ro m  
e x p e r im e n ta l s p e c tra  a re  p re s e n te d  a lo n g s id e  th e  n o rm a l m o d e s  fo r  c o m p a r iso n . E a c h  
m o d e l c o m p o u n d  is  p re s e n te d  in  tu r n
5 . 2 . 2 . 2 .  T r i p h e n o x y - s - t r i a z i n e
T h e  I R  sp e c tru m  o f  a  sa m p le  o f  t r ip h e n o x y -s - tr ia z in e  (A ld ric h  9 8 % ) c a n  b e  se en  b e lo w . 
P u t t in g  a s id e  th e  b a n d s  a r is in g  f r o m  th e  a ro m a tic  C -H  d e fo rm a tio n s , th e  I R  s p e c tru m  o f  
th is  m a te r ia l is v e ry  sim ila r t o  th a t  o f  th e  c ro s s lin k e d  p o ly m e r  (s e e  c h a p te r  2 ). T h e  
a s s ig n m e n t o f  th is  s p e c tru m  is re la tiv e ly  s tra ig h tfo rw a rd . T h e  a ro m a tic  C = C  s tre tc h e s  a n d  
r in g  m o d e s  a re  c lea rly  v is ib le  b u t  u n fo r tu n a te ly  th e y  o b s c u re  th e  c h a ra c te r is t ic  tr ia z in e  
q u a d ra n t  s tre tc h in g  m o d e  ( a t  6 .4 5  p m  ). H o w e v e r ,  th e  se m i-c irc le  C = N  s tre tc h in g  m o d e  is  
c le a rly  v is ib le  c lo se  to  7 .0 0  p m  a s  a r e  th e  c y a n u ra te  C - 0  s tre tc h  a t  7 .2 5  p m  (a )  a n d  th e  
tr ia z in e  o u t-o f -p la n e  m o d e  a t  1 2 .3 5  p m .
5.2 Transparency in the 8-12 pm Region.
Chapter 5 Improving upon the properties o f  linear poly(cyanurate)s 129
Wavelength (fim)
F ig u re  5 .2  I R  S p e c tru m  o f  tr ip h e n o x y -s - tr ia z in e  b y  D R IF T S  (see below  fo r  assignm en ts)
T h e  o r ig in  o f  th e  m o d e  a t 8 .0 3  p m  ( 1245  c m '1) is  le ss  o b v io u s . P a d g e t t  an d  H a m n e r140 
te n ta t iv e ly  a s s ig n e d  th is  b a n d  to  a  m o d e  in v o lv in g  th e  c y a n u ra te  a ro m a tic  e th e r  lin k a g e . I t  
w a s  h o p e d  th a t  th e  n o rm a l m o d e s  c a lc u la tio n  w o u ld  g iv e  m o re  su b s ta n c e  to  th is  
a s s ig n m e n t. T h e  o th e r  m o d e s  v is ib le  c o r re la te  w e ll w ith  a ro m a tic  C -H  in -p la n e  a n d  o u t  o f  
p la n e  d e fo rm a tio n s  (m o d e s  c , d , f, g  a n d  h  in  F ig u re  5 .2 )
T h e  lo w e s t  e n e rg y  s t ru c tu re  p re d ic te d  b y  th e  c o n fo rm a tio n  s e a rc h  c a n  b e  se en  in  th e  f irs t  
im a g e  in  F ig u re  5 .3 . T h e  m o le c u le  a d o p ts  a  p r o p e l l e r  c o n fo rm a tio n . T h is  is  in  g o o d  
a g re e m e n t w ith  av a ila b le  c ry s ta l d a ta . A  d ip o le  m o m e n t o f  z e ro  w a s  p re d ic te d  a s  e x p e c te d  
f o r  a  m o le c u le  o f  th e  p o in t  g ro u p  Csh. I t  is  in te re s t in g  to  n o te  th a t  o th e r  c o n fo rm a tio n s  o f  
s im ila r  e n e rg y  w e r e  p re d ic te d . O f  th e se , o n e  p re s e n te d  a  g e o m e try  in  w h ic h  tw o  o f  th e  
p h e n y l r in g s  a d o p te d  p o s it io n s  p la n a r  to  o n e  a n o th e r . T h is  w a s  in te re s tin g  a s  it  w a s  in  
g o o d  a g re e m e n t w ith  a  s ta b le  c o n fo rm a tio n  id e n tif ie d  b y  N M R  in  a  sa m p le  o f  tr is (4 ,-7 -  
b u ty l-p h e n o x y )-5- tr ia z in e  b y  F y fe  e t  a l 143.
T h e  sc a lin g  c o n s ta n ts  re q u ire d  to  b r in g  th e  p r e d ic te d  v ib ra tio n a l f re q u e n c ie s  in to  lin e  w ith  
e x p e r im e n t w e r e  in  g o o d  a g re e m e n t w ith  th o s e  fo u n d  in  th e  e v a lu a tio n  s tu d y  in  c h a p te r  3. 
A ro m a tic  C - H  f re q u e n c ie s  re q u ire d  sca lin g  b y  a  f a c to r  o f  a p p ro x im a te ly  1 .12  a n d  C = C  
r in g  m o d e s  n e e d e d  a  sc a lin g  f a c to r  o f  0 .8 9 . I t  w a s  c o n s id e re d  m o s t a p p ro p r ia te  t o  u s e  a  
s in g le  sc a lin g  f a c to r  f o r  a ll m o d e s  w h ic h  g a v e  re a so n a b le  re su lts  in  th e  w a v e b a n d  o f  
in te re s t  a n d  so  a  sca lin g  f a c to r  o f  0 .9 1 5  w a s  u s e d . I t  is  in te re s tin g  to  n o te  th a t  a l th o u g h  
m a n y  o f  th e  b a c k b o n e  m o d e s  a p p e a r  a t r e a s o n a b le  f re q u e n c ie s  w ith  th is  sca lin g  f a c to r ,  th e  
tr ia z in e  o u t-o f -p la n e  m o d e  (m o d e  4 1 )  is p re d ic te d  to  o c c u r  a t  1 5 .2 2  p m  (6 5 7  c m '1)  w h ile  
e x p e r im e n t a n d  li te ra tu re  s h o w s  th a t  th e  b a n d  a p p e a rs  a t c o n s id e ra b ly  s h o r te r  w a v e le n g th
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( 1 2 .3 2  p m , 811 c m '1). A  m o re  a p p ro p r ia te  sc a lin g  f a c to r  f o r  th e  tr ia z in e  o u t-o f -p la n e  
d e fo rm a tio n  w o u ld  a p p e a r  to  b e  1 .09 . T h is  u n d e r -e s t im a tio n  o f  th e  f re q u e n c y  o f  th e  
tr ia z in e  o u t-o f -p la n e  d e fo rm a tio n  h a s  a lre a d y  b e e n  e n c o u n te re d  in  c h a p te r  3 o f  th is  th e s is  
a n d  f u r th e r  h ig h lig h ts  th e  fa c t th a t  P M 3  h a s  s h o r tc o m in g s  in  m o d e llin g  th e  r ig id ity  o f  cy c lic  
n itro g e n  sy s te m s  s im ila r to  th o s e  e n c o u n te re d  in  m o d e llin g  th e  r ig id ity  o f  a m id e  lin k a g e s79.
T a b le  5 .1  N o rm a l m odes ana ly sis  o f  tr ip h e n o x y -s - tr ia z in e  u s in g  P M 3
M o d e  N o . P M 3  F r e q .  
(s c a le d 0 ) p m  
( c m '1)
P M 3
In te n s i ty
b
A s s ig n m e n t c E x p .  B a n d s  
p m  ( c m 1)
24 26.66 (375) 123 Phenyl rocking mode about cyanurate 25.25 (396)
25 ,26 24.54 (407) 32 A r ring  tor 20.79 (481)
28, 29 19.49 (513) 353 triazine/ Ph ip ring def 19.92 (502)
30,31 18.48 (541) 30 A r ring  tor 16.8 (595)
39, 40 16.19 (618) 743 A r C-H oop def 16.31 (613)
41 15.22 (657) 2848 triazine out-of-plane 15.79 (633)
43,44 13.84 (722) 750 A r C-H oop def 14.45 (692) 
13.62 (734)
49, 50 12.57 (795) 46 A r C-H oop /  ring  mode 13.05 (766)
52 ,53 11.50 (870) 241 A r C-H oop def 12.35 (810)
59, 60 10.73 (932) 60 A r C-H oop /  ip ring def 10.93 (915)
62, 63 10.50 (952) 66 A r C-H ip wag 10.50 (952) 
10.15 (985)
65-69 9.94 (1007) 23 A r C-H ip scissor 9.97 (1003)
71,72 9.51 (1051) 36 A r C-H ip scissor 9.79 (1021)
7 8 ,79 9.43 (1060) 1085 A r C-H ip scissor /  triazine ang def 9.32 (1073) 
9.19 (1088)
84,85 8.40 (1190) 82 A r C=C ip ring def 8.66 (1155) 
8.54 (1171)
87 ,88 8.04 (1244) 2595 A r C-H ip wag /  C-O-C str /  A r C=C 
ang def
8.22 (1217) 
8.01 (1248)
89, 90 7.22 (1386) 201696 triazine ring def /  C-O str 7.33 (1364)
91, 92, 93 7.07 (1414) 723 A r C=C ang def / A r C-H ip wag 7.2 (1389) 
7.09 (1410)
95, 96 6.89 (1451) 1998 A r C=C ang def / A r C-H ip wag 6.86 (1458)
98, 99 6.52 (1534) 170467 Triazine C=N str 6.70 (1493)
100-102 6.15 (1626) 325 A r C=C str 6.32 (1582)
103, 104 6.12 (1633) 452 A r C=C str 6.29 (1590)
106-111 3.58 (2976) 34 A r C-H str
112,113 3.56 (2807) 2040 A r C-H str 3.26 (3067)
117 3.56 (2812) 3917 A r C-H str
118, 119 3.55 (2819) 307 A r C-H str
ip =  in  plane, oop =  out-of-plane, def = deformation, tor =  torsion str = stretch, ang =  angular
a scaled by factor of 0.915 
b Units of intensity are Deb2 A"2amu'r
0 Assignment made from animation of normal mode using Cerius2 (MSI)
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angular def.
Mode 78: Aromatic C-H in-planc scissor / triazine 
angular deformation
Scaled wavelength 9.43 pm (1060 cm-1)
Mode 43: Aromatic C-H out-of-plane deformation 
Scaled wavelength 13.85 pm (722 cm-1)
Mode 87: Aromatic C-H in-plane wag / C-O stretch/ 
Aromatic C=C ring deformation 
Scaled wavelength 8.03 pm (1243 cm-1) mtMode 59: Aromatic C-H out-of-plane / in-plane mode
Scaled wavelength 10.74 pm (931 cm-1)
Mode 90: Triazine ring deformation I C-O stretch 
Scaled wavelength 7.22 pm (1385 cm-1)
Mode 63: Aromatic C-H in-plane wag 
Scaled wavelength 10.51 (952 cm-1)
F ig u re  5 .3  M a jo r  n o rm a l m odes o f  v ib ra t io n  fo r  tr ip h e n o x y -s - tr ia z in e  b e tw een  7 a n d  12 p m  
c a lc u la ted  u sing  M O P A C -P M 3
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5 . 2 . 2 . 3 .  D i p h  e n  o x y - m e t h o x y - s - t r i a z i n e
A  sa m p le  o f  d ip h e n o x y -m e th o x y -s - tr ia z in e  w a s  p re p a re d  b y  th e  in te rfa c ia l c o n d e n s a tio n  o f  
2  e q u iv a le n ts  o f  p h e n o l w ith  o n e  eq u iv a le n t o f  M D C T  u n d e r  th e  p h a s e  tra n s fe r  re a c tio n  
c o n d itio n s  u s e d  f o r  th e  fo rm a tio n  o f  th e  c o p o ly (m e th o x y -c y a n u ra te ) s  d e s c r ib e d  in  
c h a p te r  4 . T h e  c ru d e  p r o d u c t  w a s  re c ry s ta llise d  f ro m  m e th a n o l t o  y ie ld  w h ite  c ry s ta ls  
w h ic h  m e lte d  sh a rp ly  a t  1 4 7 .5  °C  (K o ff le r  &  D S C ) . T h e  s t r u c tu re  w a s  co n firm e d  b y  
e lem e n ta l an a ly s is  a n d  JH  N M R . T h e  s lig h tly  lo w  n i tro g e n  c o n te n t  o f  th is  c o m p o u n d  
s u g g e s ts  th a t  th e re  m ig h t b e  a  sm all a m o u n t o f  re s id u a l p h e n o l in  th e  sam p le .
1H  N M R  A n a ly s is  6 0  M H z  C D C l3: S: 7 .3 0  (s, 1 0 H , co m p lex  m u lt ip le t  A r - H ) ,  4 .0 0  (s ,3 H M e O  p ro to n s  )
E le m e n ta l A n a ly s is  C a lc u la te d
C arb o n  65.08%
H y d ro g e n  4.44%
N ifro g e n  14.23%
Calculated for Ci6Hi3N 30  
C/H Ratio: Calculated 14.65; Found 14.70 
C/N Ratio: Calculated 4.70; Found 4.57
F o u n d
65.60%
4.46%
13.96%
T h e  IR  s p e c tru m  o f  th e  p ro d u c t  w a s  re c o rd e d  b y  D R IF T S  a n d  c a n  b e  se e n  b e lo w .
Wavelength nm)
F ig u re  5 .4  I R  sp e c tru m  o f  d ip h en o x y -m eth o x y -s-triaz in e  b y  D R IF T S
T h is  IR  s p e c tru m  s h o w s  a  n u m b e r  o f  s im ila ritie s  to  th e  s p e c tru m  o f  tr ip h e n o x y -s - tr ia z in e . 
H o w e v e r , th e r e  a re  a lso  n o ta b le  d iffe ren ce s . T h e  I R  s p e c tru m  o f  d ip h e n o x y -m e th o x y -s -  
tr ia z in e  a lso  sh o w s  so m e  a d d itio n a l b a n d s  b e tw e e n  8 a n d  12 p m  a n d  th e  a ro m a tic  C -H  in ­
p la n e  d e fo rm a tio n s  se e m  s tro n g e r  in  th e  d ip h e n o x y -m e th o x y -  c o m p o u n d  th a n  th e y  d o  th e  
sp e c tru m  o f  tr ip h e n o x y -s - tr ia z in e .
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A s w ith  tr ip h e n o x y -s - tr ia z in e , th e  lo w e s t e n e rg y  g e o m e try  p re d ic te d  f o r  th e  d ip h e n o x y -  
m e th o x y -s - tr ia z in e  w a s  th e  p ro p e lle r  c o n fo rm a tio n . S u b s titu t in g  o n e  p h e n o x y  g ro u p  b y  a  
m e th o x y  g r o u p  h a s  d e s tro y e d  th e  c e n tre  o f  ro ta t io n a l  sy m m etry . T h e  P M 3  c a lc u la t io n  
p re d ic ts  a  n e t  d ip o le  m o m e n t o f  0 .2 3 8  D e b e y e  T h e  d ip o le  v e c to r  is  i l lu s tra te d  o n  th e  f irs t 
im a g e  in  F ig u re  5 .5 . T h is  v e c to r  lie s  a lo n g  th e  p r im a ry  ax is  o f  th e  m o le c u le  an d  a s  m a n y  o f  
th e  C - H  in -p la n e  m o d e s  in v o lv e  s ig n ific an t d e fo rm a tio n s  a lo n g  th is  a x is  th is  c o u ld  a c c o u n t 
fo r  th e  h ig h e r  in te n s it ie s  o f  th e s e  b a n d s  in  th e  IR  sp e c tru m  o f  d ip h e n o x y -m e th o x y -5- 
tr ia z in e .
A s  m ig h t b e  e x p e c te d ,  th e re  a re  m a n y  f e a tu re s  in  c o m m o n  to  th e  t r ip h e n o x y -5- tr ia z in e  an d  
m e th o x y -d ip h e n o x y -s - tr ia z in e  n o rm a l m o d e s  p re d ic te d  b y  P M 3 . T w o  a ro m a tic  C - 0  
s tre tc h in g  m o d e s  a r e  p re d ic te d  f o r  th e  p h e n o x y -5- tr ia z in e  C - 0  b o n d  a t a p p ro x im a te ly  7 .2  
p m  (1 3 7 9  c m '1). L ik e  th e  tr ia z in e  rin g  m o d e s  th e s e  h a v e  a n  e x tre m e ly  la rg e  t ra n s i t io n  
d ip o le s . T h is  w o u ld  se e m  to  a g r e e  w e ll w ith  th e  e x p e r im e n ta l o b s e rv a t io n  th a t  th e  tr ia z in e  
m o d e s  a n d  th e  c y a n u ra te  C - 0  s tre tc h in g  m o d e s  a re  m u c h  s tr o n g e r  th a n  o th e r  b a n d s  
o b s e rv e d  in  th e  I R  s p e c tr a  o f  a ro m a tic  c y a n u ra te s . A d d itio n a l m o d e s  in v o lv in g  th e  
d e fo rm a tio n  o f  th e  c y a n u ra te  e th e r  l in k a g e s  a t  8 .0 4  p m  a re  a lso  p re d ic te d  f o r  b o th  
sy s te m s . In  th e  s p e c tru m  o f  tr ip h e n o x y -s - tr ia z in e  th e  b a n d  a t  8 .0 4  p m  c o m p rise s  tw o  
e q u iv a le n t m o d e s  in v o lv in g  s im ila r d e fo rm a tio n s  o f  th e  tw o  p h e n o x y - tr ia z in e  p a irs . T h is  is 
in  a g re e m e n t w ith  th e  e x p e r im e n ta l s p e c tr a  a n d  th e  a s s ig n m e n t m a d e  b y  H a m n e r  an d  
P a d g e t t .  In  d ip h e n o x y -s - tr ia z in e , h o w e v e r , th r e e  c o in c id e n t m o d e s  a r e  a p p a re n t a t  th e  
sa m e  f re q u e n c y . T w o  o f  th e s e  a re  v e ry  s im ila r to  th e  m o d e s  o b s e rv e d  f o r  th e  tr ip h e n o x y  
sy s te m , w h ile  th e  th ir d  p r im a rily  in v o lv e s  d e fo rm a tio n  o f  th e  H 3C -O  b o n d .
T h e  in  p la n e  a ro m a tic  m o d e s  a re  e a sy  to  id e n tify  in  th e  n o rm a l m o d e s  an a ly se s  b u t a re  
d ifficu lt t o  c o r r e la te  w ith  e x p e r im e n t o w in g  to  th e  n u m b e r  o f  c o m b in a t io n  b a n d s  w h ic h  
a r is e  th e  in  8 -1 2  p m  re g io n . I n  a d d itio n  to  th e  tr ia z in e  d e fo rm a tio n  an d  th e  m o d e s  
a s s o c ia te d  w i th  C - H  in  an d  o u t  o f  p la n e  d e fo rm a tio n s  th e re  a re  tw o  m o d e s  o b se rv e d  a t 
8 .91  a n d  1 1 .7 1  p m  w h ic h  a r e  n o t  o b se rv e d  in  th e  sp e c tru m  o f  t r ip h e n o x y -s - tr ia z in e . T h e  
n o rm a l m o d e  c a lc u la t io n  o f  d ip h e n o x y -m e th o x y -5- tr ia z in e  p re d ic ts  m o d e s  a t  9 .21  p m  an d
1 1 .5 0  p m  w h ic h  a r e  n o t  o b s e rv e d  in  th e  an a ly s is  o f  tr ip h e n o x y -s - tr ia z in e . T h e s e  , 
c o r re s p o n d  t o  a  H 3C - 0  s tr e tc h  a n d  a  m e th o x y -  d e fo rm a tio n  o u t o f  th e  p la n e  o f  th e  tr ia z in e  
r in g  re sp e c tiv e ly .
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T ab le  5 .2  N o rm a l m odes an a ly sis  o f  d ip h en o x y -m eth o x y -s-triaz in e  u s in g  P M 3
M o d e
N o .
P M 3  B a n d  
(s c a le d 3)  
p m  (c m '1)
P M 3  
In t e n s i t y e
P M 3  A s s i g n m e n t E x p .  B a n d s  
p m  (c m -1 )
21 25.71 (389) 66 Phenyl ip  ring mode 21.83 (458)
23 23.4 (427) 11 Phenyl oop ring  def 20.68 (484)
24 19.62 (510) 62 triazine ip  def /  C-O def 16.89 (592)
25 19.07 (524) 111 triazine ip  def /  C-O def 16.34 (612)
26 18.48 (541) 13 A r C-H oop 15.82 (632)
27 18.25 (548) 20 A r C-H oop def /  C=C str 14.41 (694)
32 17.24 (580) 35 Ar C-H oop def 13.59 (736)
33 16.19 (618) 369 Ar C-H oop del? C-O str 13.05 (766)
34 15.36(651) 185 Ar C-H oop def7 C-O str 12.49 (801)
35 15.18 (659) 3489 triazine oop def
36 13.85 (722) 380 A r C-H oop def
37 13.68(731) 91 A r C-H oop def 12.33 (811)
40 12.57 (795) 25 A r C -C  ip ring mode 11.72(853)
42, 43 11.5 (869) 159 Ar C-H oop def 10.93 (915)
46 10.87 (920) 22 CH30  - oop def 10.85 (922)
48,49 10.74 (932) 37 A r C-H oop 10.35 (966)
51 10.49 (953) 30 A r C-H ip wag 10.18(982)
52 10.35 (966) 21 Ar C-H ip w ag 9.96 (1004)
62 9.44 (1059) 370 Ar C-H ip scissor/ triazine ip def 9.72 (1029)
63 9.38 (1066) 500 Ar C-H ip scissor/ triazine ip def 9.35 (1070)
64 9.21 (1086) 579 CH30  C-O str 9.23 (1083)
68 8.40 (1190) 37 Ar C=C ip ring mode 8.92 (1121)
70 8.04 (1243) 50 CH30  CHS deformation
71,72 8.04 (1244) 1214 Phenoxy-triazine C-O str 8.64 (1157)
73 8.03 (1246) 803 CH30  C-O stretch /  umbrella 8.53 (1172)
74 7.22 (1386) 100380 Triazine-Phenoxy C-O  str 8.43 (1186)
75 7.15 (1398) 68334 Triazine-Phenoxy C-O str 8.29 (1206)
76,77 7.07 (1414) 476 Ar C=C str 8.16 (1225)
78 6.91 (1446) 406 Ar C=C str 7.29 (1372)
79 6.89 (1451) 944 Ar C=C str 7.24 (1381)
80 6.77 (1477) 248 Sym cyanurate C-O str 6.97 (1435)
81 6.52 (1534) 83822 Triazine C=N str (semi-circle) 6.70 (1493)
82 6.51 (1536) 74499 Triazine C=N str (quadrant) 6.66 (1502)
83, 84 6.15 (1626) 111 Ar C~C str 6.44 (1553)
85, 86 6.12(1633) 220 Ar C~C str 6.25 (1600)
92-95 3.56 (2812) 4075 A r C-H str 3.32 (3012)
96,97,98 3.55 (2819) 399 Ar C-H str 3.27 (3058)
99 3.48 (2874) 63 Ar C-H str 3.24 (3086)
ip =  in plane, oop =  out-of-plane, def =  deformation, tor = torsion str =  stretch, ang  =  angular
Ar -  Aromatic; sh =  shoulder
d Scaled by a factor of 0.915 
e Units of intensity are Deb2.A2.amu'1
Assignment made from animation of normal mode using Cerius2 (MSI)
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F ig u re  5 .5  M a jo r  n o rm a l m o d es o f  d ip h en o x y -m eth o x y -s-triaz in e  b e tw e en  7 a n d  12 p m  
ca lc u la ted  u s in g  M O P A C -P M 3
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T h e s e  tw o  m o d e l c o m p o u n d  s tu d ie s  su g g e s t th a t  th e  s tro n g e s t  b a n d  o b s e rv e d  in  th e  
s p e c tr a  o f  c y a n u ra te  p o ly m e rs  a s  a  s in g le  b ro a d  p e a k  c e n tre d  a ro u n d  8 .3  p m  is  lik e ly  to  b e  
d u e  to  tw o  o r  m o re  c o in c id e n t fu n d a m e n ta ls . T h e  tra n s itio n  d ip o le s  c a lc u la te d  u s in g  P M 3  
s u g g e s t  th a t  in  b o th  c a se s  th e  s tro n g e s t  m o d e s  in v o lv e  d e fo rm a tio n  o f  t h e  p h e n o x y - tr ia z in e  
C -O -C  lin k a g e . T h e  u s e  o f  e i th e r  a  h e a v ie r  e le m e n t o r  is o to p e  w o u ld  in c re a se  th e  
f re q u e n c y  o f  v ib ra tio n  o f  a  g iv e n  b o n d  p a ir . I s o to p ic  su b s titu tio n  w o u ld  n o t  b e  e x p e c te d  to  
g iv e  a  la rg e  e n o u g h  sh ift (0 .3  p m , 4 6  cm*1) b u t a s  su lp h u r  is  tw ic e  th e  w e ig h t  o f  o x y g e n  it  
w a s  e x p e c te d  th a t  re p la c e m e n t o f  th e  e th e r  lin k a g e s  in  th e  lin e a r  c y a n u ra te s  b y  th io e th e r  
l in k a g e s  c o u ld  sh ift th e  f re q u e n c ie s  o f  th e  p ro b le m a tic  m o d e s  to  o u ts id e  th e  8-12  p m  
d e te c t io n  w in d o w . T h is  c o u ld  b e  a c h ie v e d  re a d ily  b y  sy n th e s is in g  th io c y a n u ra te  p o ly m e rs . 
T o  in v e s tig a te  th is  h y p o th e s is  a  sa m p le  o f  th e  su lp h u r  a n a lo g u e  o f  tr ip h e n o x y -s - tr ia z in e  
( tr ip h e n y lth io -^ - tr ia z in e )  w a s  p re p a re d  f o r  an a ly s is  b y  F T IR .
5 .2 .2 ' .4 .  T r i p h e n y l t h i o - t r i a z i n e
A  sa m p le  o f  th is  m a te r ia l w a s  p re p a re d  b y  re f lu x in g  a  so lu tio n  o f  c y a n u r ic  c h lo rid e  a n d  
th r e e  e q u iv a le n ts  o f  th io p h e n o l a n d  so d iu m  h y d r id e  in  d ry  T H F  f o r  12 h o u r s .  T h e  p ro d u c t  
re c o v e re d  f ro m  th e  re a c tio n  m ix tu re  a f te r  re m o v a l o f  th e  so lv e n t w a s  re c ry s ta llis e d  f ro m  
g la c ia l a c e tic  ac id  a n d  d r ie d  f o r  2 4  h o u r s  a t  6 0  °C  u n d e r  v a c u u m . T h e  b r ig h t  s tr a w  
c o lo u re d  c ry s ta ls  w h ic h  ex h ib ite d  a  sh a rp  m e ltin g  p o in t a t  96  °C  ( l i te ra tu r e  v a lu e  9 7  °C )  
w e r e  o b ta in e d  a t  a  y ie ld  o f  5 0 % . E le m e n ta l an a ly s is  an d  N M R  fu r th e r  s u p p o r te d  th e  
fo rm a tio n  o f  tr ip h e n y lth io - tr ia z in e . A n  I R  s p e c tru m  w a s  ru n  o f  th e  p r o d u c t  u s in g  a  K B r  
d isk  b y  tra n sm iss io n . T h e  re su lt in g  s p e c tru m  c a n  b e  se e n  in  F ig u re  5 .6 .
Wavelength (nm)
F ig u re  5 .6  I R  sp e c tru m  o f  tr ip h e n y lth io -s '-tr ia z in e  fro m  K B r disc.
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C o m p a r iso n  o f  th e  I R  s p e c tru m  o f  th is  m a te r ia l t o  th a t  o f  tr ip h e n o x y -s - tr ia z in e  sh o w s  th a t  
a  s lig h t sh if t t o  s h o r te r  w a v e le n g th  is  o b se rv e d  fo r  th e  m o d e  w ith  w a v e le n g th  8 .3  p m  
(1 2 0 4  c m '1)  w h ich  sh if ts  to  8 .0 5  p m  (1 2 4 2  c m '1) in  th e  th io c y a n u ra te  m a te ria l. A s  th e  p e a k  
in  th e  tr ip h e n o x y -s - tr ia z in e  h a d  a  w id th  a t h a l f  h e ig h t o f  0.2  p m  su c h  a  sh ift w o u ld  b e  
e x p e c te d  to  m o v e  h a l f  o f  th e  a r e a  o f  th e  o f fe n d in g  m o d e  o u t  o f  th e  8-12  p m  d e te c tio n  
w in d o w . T h is  e ffec t w a s  c o n s id e re d  o f  su ffic ie n t in te re s t to  w a r ra n t fu r th e r  in v e s tig a tio n .
A  n o rm a l m o d e s  c a lc u la t io n  f o r  tr ip h e n y lth io -s - tr ia z in e  w a s  c o n s id e re d  a p p ro p r ia te  to  
in v e s tig a te  th e  e ffec t th e  u s e  o f  th io c y a n u ra te  u n its  m ig h t h a v e  o n  th e  o th e r  m o d e s  o f  
v ib ra tio n  in  a ro m a tic  tr ia z in y l p o ly m e rs . A n  a t te m p t  w a s  m a d e  to  m in im ise  a  m o d e l o f  
tr ip h e n y lth io -s - tr ia z in e  in  th e  p r o p e l le r  c o n fo rm a tio n  by  M O P  A C  w ith  P M 3  a n d  A M I .  
U n fo r tu n a te ly , th e  lo w e s t  g ra d ie n t  th a t  c o u ld  b e  o b ta in e d  w a s  2 .8 . T h e  re su lt in g  m o d e l 
h a d  a  n e t-d ip o le  m o m e n t w h ic h  w o u ld  n o t b e  e x p e c te d  f o r  su c h  a  sy m m etric a l m o le cu le . 
W ith  su c h  a  h ig h  g ra d ie n t  it  w a s  c o n s id e re d  in v a lid  to  m a k e  a s s ig n m e n ts  o n  th e  re su lts  o f  
th e  n o rm a l m o d e s  c a lc u la tio n s  a s  th e  t ra n s i t io n  d ip o le s  o f  th e  m o d e s  w o u ld  b e  b ia se d  b y  
s tra in s  w ith in  th e  m o d e l. In s p e c t io n  o f  th e  g ra d ie n t  c o m p o n e n ts  f ro m  th e  M O P  A C  o u tp u t  
file  s u g g e s te d  th a t  th e  p ro b le m s  w i th  c o n v e rg e n c e  o f  th e  tr ip h e n y lth io -s - tr ia z in e  m o d e l 
m ay  h a v e  b e e n  d u e  to  h ig h  s tr a in  a r o u n d  th e  a n g le s  in  th e  tr ia z in e  r in g  d u e  to  th e  s tro n g  
s te r ic  e ffe c t o f  th e  s u lp h u r  a to m s . T o  c irc u m v e n t th is  p ro b le m  a  m o d e l o f  d ip h e n y lth io -  
m e th o x y -s - tr ia z in e  w h ic h  sh o u ld  b e  le ss  s te ric a lly  s tra in e d  w a s  b u ilt  a n d  su b je c te d  to  a  
s im ila r m in im isa tio n . T h e  r e s u lts  o f  th is  se c o n d  c a lc u la t io n  a re  p re s e n te d  in  se c tio n  5 .2 .2 .5 .
5 .2 .2 .  S . D i p h e n y l t h i o - m e t h o x y - s - t r i a z i n e
In  a  s im ila r fa sh io n  to  th e  o th e r  m o d e l tr ia z in e  c o m p o u n d s  p re s e n te d  in  th is  c h a p te r ,  th e  
lo w e s t  e n e rg y  s tru c tu re  o f  th is  m o le c u le  p re d ic te d  u s in g  m o le c u la r  m e c h a n ic s  w a s  th e  
p ro p e lle r  c o n fo rm a tio n . T h is  g e o m e tr y  w a s  o p tim ise d  u s in g  M O P  A C  u n d e r  P M 3  b e fo re  
b e in g  su b je c te d  to  a  n o rm a l m o d e s  ana ly sis . A  g ra d ie n t o f  0 .3 2  w a s  o b ta in e d  w h ic h  
c o n s id e re d  t o  b e  lo w  e n o u g h  t o  u s e  f o r  a  n o rm a l m o d e s  ca lc u la tio n . T h e  re su lt in g  
g e o m e try  h a d  a  d ip o le  m o m e n t o f  0 .9 2 8  D e b e y e s  o r ie n te d  a lo n g  th e  sa m e  ax is  as  th e  
d ip o le  m o m e n t c a lc u la te d  f o r  i ts  d ip h e n o x y -  a n a lo g u e . T h e  n o rm a l m o d e s  p re d ic te d  fo r  
th is  s t ru c tu re  a re  ta b u la te d  in  T a b le  5 .3  an d  th e  k e y  m o d e s  a re  il lu s tra te d  in  F ig u re  5 .7 .
Chapter 5____________________Improving upon the properties o f  linear poly(cyanurate)s 137
5.2 Transparency in the 8-12 pm  Region.
Chapter 5 Improving upon the properties o f linear poly(cyanurate)s 138
T ab le  5 .3  N o rm a l m o d es o f  v ib ra tio n s  f o r  d ip h en y lth io -m e th o x y -s-triaz in e  u s in g  P M 3
M o d e  N o . P M 3  B a n d P M 3  B a n d A s s i g n m e n t C a lc .
u n s e a le d ( s c a le d ) I n t e n s i t y 1
p m  ( c m 1) p m  (c m ’1)
23 22.78 (439) 24.90 (402) correlated ip  def all substituents 49
24 22.22 (450) 24.29 (412) correlated ip def all substituents 10
25 21.31 (469) 23.29 (429) C -N  ip ring def / CH3O C  str 22
26 19.95 (501) 21.80 (459) C-S /  C-O ip def 119
27 19.49 (513) 21.30 (469) C-S /  C-O ip def 37
29 16.69 (599) 18.24 (548) CH30 -C  ang def 10
30 16.21 (617) 17.72 (564) triazine ring tor 163
33, 34 15.44 (648) 16.87 (593) Ar C-H oop def 282
35 13.88 (720) 15.17 (659) Ar C-H ip def /  Ar C=C ring def 34
36 13.86 (721) 15.15 (660) Ar C-H ip def / A r C=C ring def 20
37 13.27 (754) 14.50 (690) Triazine ring tor 1610
38, 39 12.91 (775) 14.11 (709) Ar C-H oop def 219
40 12.36 (809) 13.51 (740) triazine ip def /  C-S str 6334
43 10.60 (943) 11.59 (863) Ar C-H oop def 273
44 10.56 (947) 11.54 (866) Ar C-H oop def 22
45 10.53 (949) 11.51 (869) A r C-H oop def 215
48, 49 10.07 (993) 11.00 (909) Ar C-H ip def 38
50 9.95 (1005) 10.87 (920) CH30 -  H-scissor def 23
51 9.88 (1012) 10.80 (926) Triazine ring mode /  MeO- rocking def 23
54 9.55 (1047) 10.43 (958) triazine ip  ring  def 1525
55, 56 9.33 (1072) 10.20 (981) Ar C-H wag def 24
59 9.00 (1111) 9.84 (1016) Ar C-H scissor def 28
60,61 8.74(1145) 9.55 (1047) Ar C-H scissor def 19
64 8.68 (1151) 9.49 (1054) CH30 -C  str 738
67 ,68 7.95 (1258) 8.69(1151) Phenyl ring breathing 398
6 9 ,70 7.65 (1307) 8.36 (1196) Ar O C  ring mode 616
72 7.40 (1351) 8.09 (1236) triazine ring def /  CH30 -  umbrella def 5363
74 7.33 (1365) 8.01 (1249) CH30 -  umbrella def 243
75 7.09 (1411) 7.75 (1291) triazine ring def / C-S str 38047
7 6 ,77 6.55 (1526) 7.16 (1396) Ar O C  ring def 417
78, 79 6.47 (1546) 7.07 (1415) Ar O C  ring def 22
80 6.44 (1552) 7.04 (1420) Sym triazine O N  str /  CH3O-C str 14433
81 6.17 (1622) 6.74 (1484) Triazine O N  / C-S str 85447
82 5.98 (1673) 6.53 (1531) Triazine C=N / C-S str 76214
83, 84 5.66 (1768) 6.18 (1617) A r O C  str 101
85, 86 5.63 (1778) 6.15 (1627) Ar O C  str 1051
88 3.28 (3048) 3.59 (2789) Ar C-H str 452
89, 90 3.28 (3050) 3.58 (2791) A r C-H str 349
91, 92 3.27 (3058) 3.57 (2798) Ar C-H str 254
94, 95 3.26 (3068) 3.56 (2807) Ar C-H str 434
96, 97 3.25 (3078) 3.55 (2817) A r C-H str 718
98, 99 3.24 (3088) 3.54 (2825) Ar C-H str 107
ip =  in  plane, oop =  out-of-plane, def =  deformation, tor = torsion str -  stretch, ang = angular
Ar =  Aromatic
s Scaled by factor of 0.915
h Assignment made from animation of normal mode using Cerius2 (MSI)
1 Units are intensity are Deb2.A2.amu1
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Mode 40: triazine in-plane deformations / 
C-S stretch 
Scaled wavelength 13.51 pm (740 cm-1)
V
>s
/ dipole moment 0.9213 Dcbcye
N c- 
!
> j  "iN
f t f t  •
Mode 43: Aromatic C-H ont-of-plane deformation 
k Scaled wavelength 11.59 pm (853 cm-1)
~ r \
Mode 54: triazine in-plane deformation 
Scaled wavelength 10.43 pm (958 cm-1) <.
i— ———a— 1
i-.....
V
Mode 72: triazine ring deformation /
methoxy- umbrella deformation 
Scaled wavelength 8.09 pm (1236 cm-:
iti
a-l)v
SH
V .■*>
r - C t  W  V U
v I f  Mode 75: triazine ring deformation f C-S stretch +
■ i *  Mode 64: Methoxy- C-O stretch/methyl Scaled wavelength 7.75 pm (1291 cm-1) /
/ umbrella deformation
/  Scaled wavelength 9.49 pm (1054 cm-1) ^  ^
M  y
F ig u re  5 .7  M a jo r  n o rm a l m odes o f  v ib ra t io n  o f  d ip h en y lth io -m e th o x y -s-triaz in e  ca lcu la ted  
u sing  P M 3
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T h is  n o rm a l m o d e s  c a lc u la t io n  h a d  so m e  s ig n ific a n t p o in ts  to  b e  d ra w n  f ro m  it. I t  p re d ic ts  
th a t  tw o  o f  th e  m o d e s  o b s e rv e d  in  th e  I R  s p e c tru m  o f  d ip h e n o x y -m e th o x y -s - tr ia z in e  
s h o u ld  sh if t t o  s h o r te r  w a v e le n g th . U n fo r tu n a te ly  o n e  m o d e  (a s so c ia te d  w ith  th e  H 3C -O  
s tr e tc h  )  a p p e a rs  to  re m a in  a t  th e  sa m e  w a v e le n g th . A n o th e r  m a jo r  d if fe re n c e  is th a t  th e  
in t r o d u c t io n  o f  th e  tw o  s u lp h u r  a to m s  in to  th e  sy s te m  se e m s to  a ffec t w h ic h  a to m s  m o v e  
in  v a r io u s  m o d e s . W h ile  in  th e  c y a n u ra te  m a te r ia ls  th e  d isp la c e m e n t v e c to r s  te n d e d  to  b e  
a t ta c h e d  to  o x y g en s , c a rb o n s  a n d  n itro g e n s  fa irly  u n ifo rm ly , th e  th io c y a n u ra te s  w o u ld  
a p p e a r  t o  h a v e  m o d e s  in  w h ic h  th e  lig h te r  a to m s  m o v e  m u c h  m o re  re la t iv e  to  th e  su lp h u r  
a to m s . T h is  h a s  a n  e ffe c t o n  s o m e  o f  th e  m o d e s  o b se rv e d . A  n o ta b le  c h a n g e  in  th e  
v ib ra t io n a l b e h a v io u r  o f  d ip h e n y lth io -m e th o x y -s -- tr ia z in e  re la tiv e  to  d ip h e n o x y -m e th o x y -s -  
tr ia z in e  is  th e  a p p e a ra n c e  o f  a  n e w  ty p e  o f  d e fo rm a tio n  in  w h ic h  th e  m e th o x y -  g ro u p  
u n d e rg o e s  a n  u m b re lla - lik e  t r a n s i t io n  in  w h ic h  th e  h y d ro g e n s  re c ip ro c a te  in  p h a s e  a w a y  
f ro m  a n d  th e n  to w a rd s  th e  t r ia z in e  ring . A n o th e r  p o in t  o f  n o te  is  th a t  th e  d ip h e n y lth io -  
c o m p o u n d  h a s  a  h ig h e r  d ip o le  m o m e n t a n d  h e n c e  th e  tra n s i t io n  d ip o le  o f  so m e  m o d e s  a re  
h ig h e r  th a n  th e ir  c o r re s p o n d in g  fu n d a m e n ta ls  in  d ip h e n o x y -m e th o x y -s - tr ia z in e . W h e th e r  
th is  in c re a s e  in  d ip o le  m o m e n t w ill o ffse t a n y  g a in s  a f fo rd e d  b y  th e  u s e  o f  th io c y a n u ra te s  in  
p la c e  o f  c y a n u ra te s  a t 8 .3  p m  c a n  o n ly  b e  a s c e r ta in e d  th ro u g h  fu r th e r  e x p e r im e n t. O n  th e  
w h o le  it  w o u ld  se em  th a t  th e  u s e  o f  th io c y a n u ra te s  m a y  p ro v id e  a  s o lu tio n  to  th e  s t ro n g e s t  
m o d e  w h ic h  a p p e a rs  a t 8 .3  p m  in  c y a n u ra te  p o ly m e rs .
5 .2 .3 .  H y p o th e s e s  f o r  i m p r o v in g  I R  t r a n s p a r e n c y  b e tw e e n  8  a n d  1 2  jam
T w o  h y p o th e s e s  f o r  im p ro v in g  u p o n  th e  I R  t ra n s p a re n c y  o f  th e  lin e a r  c y a n u ra te  p o ly m e rs  
p re s e n te d  in  c h a p te r  4  a r ise  f ro m  th e s e  s im u la tio n s :
1. I t  is  p ro p o s e d  th a t  th e  c o n d e n s a tio n  o f  h a lo g e n a te d  a n a lo g u e s  o f  th e  a ro m a tic  
b is p h e n o ls  u se d  in  c h a p te r  4  w h ic h  o n ly  h a v e  is o la te d  r in g  h y d ro g e n s  ( e .g .  3 ,3 ’,5 ,5 ’- 
te tra c h lo ro -b is p h e n o l-A )  w ith  M D C T  m a y  y ie ld  m a te r ia ls  w ith  e n h a n c e d  tr a n s p a re n c y  
b e tw e e n  8 an d  12 p m . T h is  h y p o th e s is  is  in v e s tig a te d  in  c h a p te r  6 .
2 . T h e  c o n d e n sa tio n  o f  a ro m a tic  b is th io p h e n o ls  w ith  M D C T  sh o u ld  r e s u lt  in  m a te r ia ls  
w h ic h  h a v e  a  w e a k e r  b a n d  a t  8 .3  p m  d u e  to  v ib ra tio n s  a s so c ia te d  w ith  th e  tr ia z in e  r in g  
sy s te m  a n d  its  su b s titu e n ts . T h e  sy n th e s is  o f  m a te r ia ls  to  in v e s tig a te  th is  h y p o th e s is  is 
p re s e n te d  in  c h a p te r  8 .
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5.3. Thermomechanical Behaviour o f Copoly (methoxy-cyanurate) s
T h e  p re v io u s  c h a p te r  d e m o n s tra te d  th a t  a ro m a tic  c o p o ly (m e th o x y -c y a n u ra te ) s  b e c o m e  
b r i t t le  u p o n  h e a tin g . C le a r  c ry s ta llin e  m e lts  w e r e  n o t  o b se rv e d  w h e n  th e  c o p o ly (m e th o x y -  
c y a n u ra te )s  d e s c r ib e d  in  c h a p te r  4  w e r e  a n a ly se d  b y  D S C . F ro m  th is  i t  w a s  d e d u c e d  th a t  
e i th e r: th e  T m o f  th e  c ry s ta llin e  p h a s e  w a s  e i th e r  a b o v e  i ts  d e c o m p o s i tio n  te m p e ra tu re  o r  
th a t  th e  c ry s ta llin e  f ra c tio n s  o f  th e  p o ly m e rs  w e r e  v e ry  sm all. In su ff ic ie n t d a ta  w a s  
av a ila b le  a t th e  en d  o f  th e  in itia l s tu d ie s  t o  e i th e r  p ro v e  o r  d isp ro v e  S h a h  a n d  K a u la ’s 
h y p o th e s is  th a t  c o p o ly (m e th o x y -c y a n u ra te )s  c ry s ta llis e  u p o n  h e a tin g  to  3 0 0  °C.
T h e  p e a k  te m p e ra tu re s  ( T p) o b s e rv e d  in  th e  f irs t  D S C  h e a tin g  c y c le s  d e sc r ib e d  in  c h a p te r  4  
w e r e  o b se rv e d  to  v a ry  b e tw e e n  1 9 7  a n d  2 4 7  °C  f o r  d if fe re n t p o ly (m e th o x y -c y a n u ra te )s . I t  
w a s  s u g g e s te d  a t  th e  e n d  o f  c h a p te r  4  th a t  th is  w a s  e i th e r  d u e  to  a  d if fe re n c e  in  ch a in  
f lex ib ility  b e tw e e n  th e  p o ly m e rs  ( i . e .  a  s t r u c tu re -p r o p e r ty  re la tio n sh ip )  o r  th a t  it  w a s  d u e  
to  d if fe re n c e s  in  th e  m o le c u la r  w e ig h ts  o f  th e  p o ly m e rs . C o n tro ll in g  th e  m o le c u la r  w e ig h ts  
o f  th e  m a te r ia ls  w a s  fo u n d  to  b e  d ifficu lt a s  th e y  h a d  d if fe re n t so lu b ilitie s  in  th e  o rg a n ic  
p h a s e  a n d  th u s  d if fe re n t rea c tiv itie s .
M o le c u la r  m e c h a n ic s  fo rc e -f ie ld s  a n d  c o n fo rm a tio n a l s e a rc h  te c h n iq u e s  ca n  b e  u s e d  to  
p r o b e  th e  p o te n tia l  e n e rg y  su r fa c e s  f o r  r o ta t io n  a ro u n d  d if fe re n t p o ly m e r  b a c k b o n e  
lin k a g es . In  se c tio n  5 .3 .1  th is  m e th o d  is  u s e d  to  in v e s tig a te  th e  f lex ib ility  o f  th e  a ro m a tic  
b isp h e n o ls  u s e d  in  c h a p te r  4  to  s e e  i f  th e re  is  a  c o r re la t io n  b e tw e e n  th e  p re d ic te d  e n e rg e tic  
b a r r ie r s  to  b a c k b o n e  ro ta t io n  a n d  th e  d if fe re n c e s  in  a c tiv a tio n  e n e rg y  o r  p e a k  m a x im a  
o b s e rv e d  in  th e  D S C  an a ly ses  o f  th e  p o ly m e rs  p re s e n te d  in  c h a p te r  4 . S e c tio n  5 .3 .4  
d e s c r ib e s  th e rm a l an a ly se s  m a d e  o n  tw o  o th e r  s a m p le s  o f  D P E M C  o f  d iffe re n t m o le c u la r  
w e ig h ts  to  q u a lita tiv e ly  in v e s tig a te  th e  e ffe c t o f  m o le c u la r  w e ig h t o n  th e  th e rm a l b e h a v io u r  
o f  c o p o ly (m e th o x y -c y a n u ra te ) s .
5 .3 .1 .  T h e  e f f e c t  o f  p o ly m e r  c h a in  f le x ib i l i ty
A c c o rd in g  to  c la ss ica l th e o r ie s42, c ry s ta llis a tio n  o f  a n  a m o rp h o u s  flex ib le  p o ly m e r  c a n  b e  
w e ll d e s c r ib e d  in  te rm s  o f  a  n u c le a t io n -g ro w th  m e c h a n ism . C ry s ta lli te s  n u c le a te  in  th e  
b o d y  o f  th e  a m o rp h o u s  f ra c tio n  a n d  th e n  g r o w  in  s ize . T h e  g r o w th  p ro c e s s  in v o lv e s  
t r a n s p o r t  o f  th e  p o ly m e r  ch a in s  t o  th e  su r fa c e  o f  th e  g ro w in g  c ry s ta llin e  la m e llae  w h e re
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th e y  a d a p t b y  c o n fo rm a tio n a l c h a n g e  to  th e  g ro w in g  f ro n t o f  th e  lam ella . W h e th e r  d ea lin g  
w ith  f le x ib le  p o ly m e r  c h a in s  o r  s e m i-s tif f  ch a in s  su c h  a s  a ro m a tic  p o ly (m e th o x y -  
c y a n u ra te )s ,  all c ry s ta llisa tio n  in v o lv e s  s o m e  fo rm  o f  c h a in  m o tio n  a n d  w o u ld  b e  e x p e c te d  
to  b e  su s c e p tib le  to  d if fe re n c e s  in  b a c k b o n e  f lex ib ility  to  so m e  ex ten t.
5 . 3 . 1 . 1 . I n v e s t i g a t i o n  o f  t h e  f l e x i b i l i t y  o f  b a c k b o n e  u n i t s
T h e  to r s io n a l  b a r r ie rs  t o  r o ta t io n  fo r  th e  b a c k b o n e  lin k a g e s  o f  th e  p o ly m e r  re p e a t u n its  
d e p ic te d  in  F ig u re  5 .8  w e r e  in v e s tig a te d  u s in g  a  g rid  s e a rc h  m e th o d  e m p lo y in g  th e  U F F  
f o rc e  fie ld  a n d  c h a rg e s  a s s ig n e d  b y  c h a rg e  eq u ilib ra tio n . T h e  g r id  s e a rc h  v a r ie s  th e  tw o  
to r s io n s  (d e s ig n a te d  (j) a n d  y /)  in  a  n e s te d  cy c le  a n d  c a lc u la te s  th e  e n e rg y  o f  e a c h  
c o n fo rm a t io n  g e n e ra te d . T h e  m o le c u le  w a s  a l lo w e d  to  m in im se  a f te r  e a c h  s te p  o f  th e  g r id  
s e a rc h  b u t  th e  to r s io n s  $  a n d  y /  w e r e  c o n s tra in e d  b y  an  e n e rg y  b a r r ie r  o f  1000 
k c a l .m o l '1. C o n to u r  m a p s  o f  th e  p o te n tia l e n e rg y  su rfa c e s  d e te rm in e d  in  th is  w a y  c a n  b e  
s e e n  in  f ig u re s  5 .9  th ro u g h  to  5 .1 2
2,2-diphenyl-propane
H
diphenyl ether
benzophenone
H
diphenyl sulphide
B onds used to  define to rsions are in  b o ld  typeface
F ig u re  5 .8  B a ck b o n e  to rs io n s  o f  b isp h en o l r e p e a t  un its  u sed  fo r  co n fo rm a tio n a l g rid  searches
<j) a n d  \]/ a r e  e q u iv a le n t in  th e s e  f o u r  m o le c u le s  a n d  so  all o f  th e  p o te n tia l  en e rg y  su rfa ce s  
h a v e  a x e s  o f  sy m m e try  th r o u g h  y / =  <j> a n d  yj=-(f>.
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■  5 1 -5 3
■  4 9 -5 1
■  4 7 -4 9
■  4 5 -4 7
■  4 3 -4 5
■  4 1 -4 3
■  39-41
■  3 7 -3 9
■  3 5 -3 7
□  3 3 -3 5
□  3 1 -3 3
□  29-31
□  2 7 -2 9
Conformational
Energy
( k c a l / m o l )
Psi O  Saddle point
F ig u re  5.9 C o n fo rm a tio n a l en e rg y  p lo t fo r  d ipheny l e th e r
Conformational 
Energy (kcal/mol)
■ 45-48
■ 43-45
■ 40-43
■ 38-40
■ 35-38
■ 33-35
■ 30-33 
B 28-30
□ 25-28
□ 23-25
□ 20-23!
P si
F ig u re  5 .10  C o n fo rm a tio n a l en e rg y  p lo t fo r  d ip h en y l su lfide
E a c h  c o n fo rm a tio n a l p lo t w a s  a n a ly se d  to  d e te rm in e  a v e ra g e  e n e rg e tic  b a r r ie r s  to  m o tio n . 
T h e  m a jo r  e n e rg e tic  b a r r ie r s  c o n s id e re d  a re  il lu s tra te d  o n  F ig u re  5 .9  in  w h ite . T h e  d e p th s  
o f  th e  p o te n tia l w e lls  w e re  m e a s u re d  by  su b tra c tin g  th e  p o te n tia l e n e rg y  o f  th e  c o n fo rm e r  
a t th e  b a se  o f  th e  w e ll (w h ite  a re a s )  fro m  th e  p o te n tia l  e n e rg y  o f  th e  c o n fo rm e r  a t th e  
s a d d le  p o in t b e tw e e n  tw o  p o te n tia l  e n e rg y  w e lls  (m a rk e d  a s  w h ite  c irc le s  in  F ig u re  5 .9 . In  
th is  w a y  it w a s  p o ss ib le  to  g e t  a n  im p re ss io n  o f  h o w  flex ib le  a  g iv e n  lin k a g e  w a s  an d  a lso  
w h a t  f re e d o m  o f  m o tio n  it h a d  in  a  n u m b e r  o f  d if fe re n t d ire c tio n s .
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F ig u re  5.11 C o n fo rm a tio n a l en e rg y  p lo t fo r  2 ,2 -d ip h en y l p ro p a n e
B 63-65 
■ 61-63 
B 53-55 
B 51-53 
B 49-51 
B 47-49 
B 45-47 
B 43-45 
B41-43 
B 39-41 
B 37-39
□  35-37
□ 33-35
□ 31-33
□  29-31
Phi
Conformational
Energy
kcal/mol)
■  6 7 - 6 9 .5
■  6 4 .5 -6 7
■  6 2 -6 4 .5
■  5 9 .5 -6 2  
® 5 7 - 5 9 .5
□  5 4 .5 -5 7
□  5 2 -5 4 .5
□  4 9 .5 - 5 2
□  4 7 - 4 9 .5
Psi
F ig u re  5.12 C o n fo rm a tio n a l en e rg y  p lo t fo r  b en zo p h en o n e
T h e  b a r r ie r s  lis te d  f o r  e a c h  u n it  in c lu d e  th e  h ig h e s t b a r r ie r  to  ro ta t io n  (m a rk e d  A  o n  F ig u re  
5 .9 ). T h e  b a r r ie r  to  ro ta t io n  w h ic h  a r ise s  f ro m  h o p p in g  b e tw e e n  m in im a  b y  in c re a s in g  y/ 
a n d  <j> in  th e  sa m e  se n se  is  m a rk e d  a s  B  a n d  th e  b a r r ie r  to  ro ta t io n  i f  y/ a n d  <f> a re  v a r ie d  in  
o p p o s ite  s e n s e s  is m a rk e d  a s  C . T h is  la s t b a r r ie r  to  r o ta t io n  w a s  in v a riab ly  th e  lo w e s t 
e n e rg y  r o u te  t o  ro ta t io n . T h e  a v e ra g e  v a lu e s  f o r  b a r r ie rs  ty p e  A , B  an d  C  a re  p re s e n te d  in 
T a b le  5 .4
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T a b le  5 .4  D ep th s  o f p o te n tia l w ells f ro m  co n fo rm a tio n a l g r id  sea rch es  o f  b isp h e n o l b ack b o n es
M o d e l  C o m p o u n d
P o t e n t i a l  B a r r i e r  to  r o ta t io n  ( k c a l . m o t 1)  
T y p e  ‘A ’  T y p e ‘B ’  T y p e ‘C ’
diphenyl ether 20.59 6.07 2.73
diphenyl sulphide 14.90 4.33 2.16
2,2-diphenyl-propane 30.07 7.76 3.05
benzophenone 18.04 9.48 1.87
T h e s e  re su lts  s h o w  th a t ,  o f  th e  b a c k b o n e  u n its  s tu d ie d , th e  d ip h e n y l-p ro p a n e  u n it 
r e p re s e n ta t iv e  o f  th e  b is p h e n o l-A  m o n o m e r  is  th e  m o s t r ig id  an d  h a s  d e e p  a n d  w e ll d e fin e d  
p o te n tia l  w e lls  w h ic h  f a v o u r  c o n fo rm a tio n s  in  w h ic h  y /  a n d  (f> a r e  b o th  e q u a l to  60°. 
D ip h e n y l e th e r  an d  d ip h e n y l su lp h id e  h a v e  v e ry  s im ila r c o n fo rm a tio n a l e n e rg y  su rfa c e s  a n d  
w o u ld ,  th e re fo re , b e  e x p e c te d  to  a d o p t  s im ila r c o n fo rm a tio n s . T h e ir  ty p e  C  d e fo rm a tio n s  
v a ry  v e ry  lit tle  in  e n e rg y  b u t  th e  d ip h e n y l su lp h id e  o f fe rs  le ss  r e s is ta n c e  to  d e fo rm a tio n s  
w h ic h  in c re a se  th e  p ro x im ity  o f  th e  tw o  p h en y l rin g s . T h is  is b e c a u s e  th e  p h en y l r in g s  in  
th e  d ip h e n y l su lp h id e  a re  fu r th e r  a p a r t  th a n  th o s e  in  d ip h e n y l e th e r  d u e  t o  th e  d if fe re n c e  in  
le n g th s  o f  C -S  a n d  C -O  b o n d s . D ip h e n y l su lp h id e  a p p e a rs  to  h a v e  a  g r e a te r  ra n g e  o f  
lo c a lis e d  m o tio n  w h ic h  c a n  a lso  b e  a t t r ib u te d  to  d e c re a s e d  s te r ic  h in d ra n c e  o f  th e  p h en y l 
rin g s . B e n z o p h e n o n e  p re s e n ts  a  s o m e w h a t a n o m a lo u s  c o n fo rm a tio n a l e n e rg y  su rfa ce . T h e  
v a lle y s  o n  i ts  c o n fo rm a tio n a l e n e rg y  su r fa c e  a re  q u ite  n a r ro w  a n d  w e ll d e fin e d . H o w e v e r , 
o f  all th e  b a c k b o n e  u n i ts  s tu d ie d  it  s h o w s  th e  lo w e s t  p o te n tia l e n e rg y  b a r r ie r  to  c h a in  
r o ta t io n  b y  a  ty p e  C  d e fo rm a tio n . I n  su m m a ry  a  g re a t  v a r ia tio n  in  re la x a tio n a l b e h a v io u r  
w o u ld  b e  e x p e c te d  f o r  th e  d if fe re n t b isp h e n o l b a c k b o n e  u n its  u s e d  in  c h a p te r  4 . T h is  is  o f  
in te re s t  to  th e  p ro je c t  a n d  is  d is c u sse d  fu r th e r  in  s e c tio n  5 .3 .2 .
G iv e n  th e  d if fe re n c e s  o b s e rv e d  in  th e  r ig id ity  o f  d ip h e n y l e th e r  a n d  d ip h e n y l su lp h id e  th e  
r ig id ity  o f  p o ly m e rs  c o n ta in in g  b a c k b o n e  c y a n u ra te  th io c y a n u ra te  u n i ts  m a y  b e  e x p e c te d  to  
b e  d if fe re n t th a t  o f  c y a n u ra te  lin k a g es . A s  c h a p te r  8 a d d re s s e s  th e  sy n th e s is  o f  
th io c y a n u ra te  p o ly m e rs , s im ila r c o n fo rm a tio n a l e n e rg y  a n a ly se s  o n  m o d e l c o m p o u n d s  fo r  
c y a n u ra te  an d  th io c y a n u ra te  b a c k b o n e  u n its  w e re  c o n s id e re d  a p p ro p r ia te .
5 . 3 . 1 . 2 . C o m p a r i s o n  o f  t h e  f l e x i b i l i t y  o f  c y a n u r a t e  a n d  t h i o c y a n u r a t e  l i n k a g e s
T h e  c o n fo rm a tio n a l g r id  s e a rc h  m e th o d  is  u s e d  to  in v e s tig a te  th e  b a r r ie r s  o f  ro ta t io n  o f  th e
b o n d s  th a t  fo rm  o n e  o f  th e  b a c k b o n e  lin k a g e s  o f  a ro m a tic  p o ly (c y a n u ra te )s  a n d
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p o ly ( th io c y a n u ra te )s .  T w o  m o d e l c o m p o u n d s  a re  u s e d  in  th e  s tu d y . T h e  f irs t o n e  h as 
a lre a d y  b e e n  e n c o u n te re d  in  th is  c h a p te r:  d ip h e n o x y -m e th o x y -s - tr ia z in e . T h e  s e c o n d  is  th e  
th io c y a n u ra te  a n a lo g u e  o f  th e  firs t: d ip h e n y lth io -m e th o x y -s -tr ia z in e . T h e  s t r u c tu re s  o f  th e  
m o le c u le s  a n d  th e  tw o  to r s io n s  <f> a n d  ^ u s e d  in  th e  g r id  se a rc h  c a n  b e  s e e n  in  F ig u re  5 .1 3 .
H H
H H
diphenoxy-methoxy-j-triazine dipkenylthio-methoxy-s-triazine
Bonds used to define torsions and <j> are in bold typeface
F ig u re  5.13 T o rs io n s  u se d  in  g r id  se a rc h e s  fo r  d ip h en o x y -m eth o x y -s-triaz in e  a n d  
d ip h en y lth io -m e th o x y -s-tria z in e
T h e  g rid  s e a rc h e s  u s e d  a  s e m i-h a rd  a p p ro a c h  in  w h ic h  y/ an d  <j) w e r e  c o n s tra in e d  b y  a  
p o te n tia l b a r r ie r  o f  1000  k c a l.m o l ' 1 w h ile  th e  m e th o x y -g ro u p s  w e r e  m in im ise d  a d o p t  to  
th e ir  lo w e s t e n e rg y  p o s it io n s  a f te r  e a c h  s ta g e  o f  th e  se a rch . T h e  re su lt in g  c o n fo rm a tio n a l 
e n e rg y  p lo ts  c a n  b e  s e e n  in  f ig u re s  5 .1 4  an d  5 .1 5 . A s  y/ an d  (f> a r e  n o t  e q u iv a le n t in  th e s e  
m o d e l c o m p o u n d s , th e  c o n fo rm a tio n a l p lo ts  d o  n o t  h a v e  th e  sa m e  sy m m e try  a s  th o s e  o f  
th e  b isp h e n o l b a c k b o n e  u n its . A  m o r e  c o m p le x  e n e rg y  su rfa c e  is  o b se rv e d . P o te n tia l  
b a r r ie rs  to  v a r io u s  m o d e s  o f  r o ta t io n  w e r e  c a lc u la te d  f o r  e a c h  sy stem . T h e s e  a r e  m a rk e d  
o n  th e  p lo t f o r  th e  c y a n u ra te  c o m p o u n d  in  f ig u re  5 .1 4 . T h re e  o f  th e  fo rm s  o f  r o ta t io n  a re  
d ire c tly  a n a lo g o u s  to  fo rm s  A , B  a n d  C  e n c o u n te re d  in  se c tio n  5 .3 .1 . H o w e v e r  a s  th e  
b a r r ie rs  to  is o la te d  r o ta t io n  a b o u t  <j> a re  c o n s id e ra b ly  le s s  th a n  th e  b a r r ie r s  to  iso la te d  
ro ta t io n  a b o u t  y/ in  b o th  m o d e ls  so m e  a d d itio n a l m o d e s  a re  d e s c r ib e d  to  il lu s tra te  
d iffe re n c e s  in  th e  f lex ib ility  o f  th e  u n its .
B o th  s e a rc h e s  p re d ic t  s ta b le  c o n fo rm a tio n s  e i th e r  s id e  o f  c o n fo rm a tio n s  w ith  y j  =  ±90°. 
T h e  m o s t s ta b le  c o n fo rm a tio n  p r e d ic te d  b y  th e  M O P  A C  c a lc u la tio n s  p re s e n te d  e a r lie r  h a s  
(ff=90°. T h e  p o te n tia l  b a r r ie r  t o  h o p  b e tw e e n  th e  tw o  c o n fo rm a tio n s  (b y  m o d e  G )  is  lo w  in  
b o th  in s ta n c e s  an d  is  n o t  c o n s id e re d  s ig n ific an t in  th e  re la x a tio n  o f  th e  p o ly m e r  ch a in s . T h e
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s o u rc e  o f  th is  d if fe re n c e  b e tw e e n  M O P  A C  a n d  th e  U F F  g rid  s e a rc h  is  lik e ly  to  b e  in  
in a b ility  o f  th e  M M  m e th o d  to  ta k e  in to  a c c o u n t th e  re p u ls iv e  e f fe c t o f  in te ra c t io n s  
b e tw e e n  th e  lo n e -p a ir  e le c tro n s  o n  th e  o x y g e n  a n d  n itro g e n  a to m s  in  th e  sy s tem .
T h e  a v e ra g e  p o te n tia l  b a r r ie r s  f o r  th e  c y a n u ra te  a n d  th io c y a n u ra te  m o d e l sy s te m s  a re  lis te d  
in  T a b le  5 .5 . S o m e  in te re s tin g  d if fe re n c e s  b e tw e e n  th e  p o te n tia l e n e rg y  s u r fa c e s  o f  th e  
tr ia z in e  u n its  a n d  th e  b isp h e n o l b a c k b o n e  u n its  b e c o m e  a p p a re n t w h e n  th e  v a r io u s  
p o te n tia l e n e rg y  su r fa c e s  a re  c o m p a re d .
T a b le  5 .5  P o te n tia l b a r r ie r s  to  ro ta t io n  fo r  m o d e l c y a n u ra te  a n d  th io c y a n u ra te  sy stem .
M o le c u le T y p e  ‘A ’
A v e r a g e  P o t e n t i a l  E n e r g y  B a r r i e r  ( k c a l m o l 1)  
T y p e  (C ’  T y p e  ‘D >  T y p e  ‘E ’  T y p e  ‘F ’ T y p e  eG f
diphenoxy-metlioxy- 7.17 5.08 6.38 6.13 6.12 0.96
s-triazine
diphenylthio- 8.80 4.86 4.41 4.75 5.32 0.63
methoxy-s-triazine
(see F ig u re  5 .1 4  f o r  types o f  ro ta t io n a l tra n s itio n  ‘A ’, ‘B ’ e tc .)
W h e n  ty p e  C  ro ta t io n s  ( in  w h ic h  y /  a n d  (f) a r e  v a r ie d  in  o p p o s ite  d ire c tio n s )  a re  c o n s id e re d  
th e  m o d e l p re d ic ts  th a t  th io c y a n u ra te  a n d  c y a n u ra te  u n its  a re  b o th  e x p e c te d  to  h a v e  h ig h e r  
p o te n tia l e n e rg y  b a r r ie r s  to  r o ta t io n  th a n  a n y  o f  th e  b isp h e n o l b a c k b o n e s  d e s c r ib e d  in  th e  
p re v io u s  se c tio n . H o w e v e r ,  th e ir  b a r r ie r s  t o  to r s io n a l  v a r ia tio n  b y  all o th e r  fo rm s  o f  
ro ta t io n  a re  lo w e r  th a n  th o s e  o f  th e  b isp h e n o l b a c k b o n e  u n its . T h is  le a d s  t o  th e  in te re s tin g  
q u e s tio n  o f  w h ic h  s tru c tu ra l  r e p e a t  u n i ts  in  th e  b a c k b o n e s  o f  th e  lin e a r  a ro m a tic  c y a n u ra te s  
an d  th io c y a n u ra te s  a re  th e  m o s t  flex ib le .
T h e  fo llo w in g  ra tio n a lis a tio n  is  o ffe re d . I t  sh o u ld  b e  m a d e  c le a r  th a t  th is  is  c o n je c tu re  a n d  
is  b a s e d  o n  in te rp re ta t io n  o f  th e  p o te n tia l  e n e rg y  su rfa ce s . I f  f lex ib ility  is  d e f in e d  in  te rm s  
o f  th e  lo w e s t  p o ss ib le  e n e rg y  r o u te  to  r o ta t io n  to  r e tu rn  th e  tw o  to r s io n s  u n d e r  
c o n s id e ra t io n  to  th e ir  in itia l p o s it io n s  th e n  th e  b isp h e n o l b a c k b o n e s  w o u ld  b e  c o n s id e re d  
as b e in g  th e  m o re  flex ib le . H o w e v e r ,  th is  is  o n ly  s ig n ific an t w h e n  th e  re la x a t io n  o f  a  f re e  
ch a in  is  b e in g  c o n s id e re d  a n d  b o th  to r s io n s  a re  c o n s id e re d  c a n  e n jo y  u n in h ib ite d  f re e  
v a r ia tio n . S u c h  to rs io n a l  f re e d o m  is o n ly  u su a lly  e n c o u n te re d  in  v e ry  lo w  m o le c u la r  w e ig h t 
m a te ria ls .
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Confo'mstiora
Energy
(kcal/mo!)
■ 9 2 - 9 1
■ -53-92
■ -54—92 
a - 55-94 
0-56—95 
□-57-95 
0-58-97 
□-99-98 
□ -IOC-59 
0-101-100
= saddle point
P s i
F ig u re  5 .14  C o n fo rm a tio n a l p lo t fo r  d ip h en o x y -m eth o x y -s-triaz in e  u s in g  U F F
Conform sti oral 
Energy 
(kcal/rrol)
■ -92-91 j
■  -93-92
■ -94-93
a -95-94 : 
a  -96-95 \ 
j □-97-96 
!s -93-37 I: □ 99-98 
; □-100—99
F ig u re  5 .15  C o n fo rm a tio n a l p lo t fo r  d ip h en y lth io -m e th o x y -s-triaz in e  u s in g  U F F
F lex ib ility  is  o f te n  c o n s id e re d  in  te rm s  o f  th e  r a te  o f  re la x a tio n  o f  a  p o ly m e r  ch a in  by  
to r s io n a l ch a n g e . R e la x a tio n  o f  a  p o ly m e r  c h a in  re q u ire s  c o n c e r te d  c h a n g e  in  all th e  
to r s io n s  a lo n g  its  b a c k b o n e  in  a  fa sh io n  s o m e w h a t a n a lo g o u s  to  a  n o rm a l m o d e  o f  
v ib ra tio n . W h e n  re la x a tio n  is  c o n s id e re d  in th is  w a y  a  m a te ria l c o n ta in in g  r e p e a t  u n its  
w h ic h  h a v e  lo w e r  a v e ra g e  b a r r ie r s  t o  ro ta t io n  m e a s u re d  o v e r  all p o ss ib le  lo ca l m o d e s  o f  
re la x a tio n  ( e .g .  by  c h a n g e s  o f  ty p e s  ‘A ’ th r o u g h  ‘G ’) m ay  b e  e x p e c te d  to  g iv e  fa s te r
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re la x a tio n  tim es . W h e n  c o n s id e re d  in  th is  fa sh io n  u n i ts  su ch  a s  c y a n u ra te s  m ig h t b e  
e x p e c te d  to  c o n tr ib u te  m o re  to  b a c k b o n e  f lex ib ility  th a n  th e  b isp h e n o l b a c k b o n e  u n its . 
T h e re  a re  a  v e ry  la rg e  n u m b e r  o f  o th e r  f a c to rs  w h ic h  h av e  a  m a rk e d  e ffe c t o n  th e  
re la x a tio n a l b e h a v io u r  o f  p o ly m e rs  su c h  a s  d ip o la r  in te ra c tio n s , c ry s ta llin ity  a n d  o th e r  
in te rc h a in  fo rc e s . H o w e v e r ,  th e  to r s io n a l  c o n tr ib u tio n  is  g e n e ra lly  c o n s id e re d  to  b e  
s ig n ific an t in  a  la rg e  n u m b e r  o f  c a s e s  a n d  h a s  fo rm e d  th e  b as is  o f  se v e ra l m o d e ls  to  
d e s c r ib e  th e  re la x a tio n a l b e h a v io u r  o f  a  n u m b e r  o f  p o ly m e ric  sy stem s.
E x te n d in g  th is  ra tio n a l to  th e  c o m p a r is o n  o f  th e  p o te n tia l e n e rg y  su r fa c e s  o f  th e  
d ip h e n o x y -m e th o x y -y -tr ia z in e  a n d  d ip h e n y lth io -m e th o x y -s -tr ia z in e  m o d e ls ,  th e  
th io c y a n u ra te  p o ly m e rs  w o u ld  b e  e x p e c te d  to  re la x  m o re  q u ic k ly  th a n  th e ir  c y a n u ra te  
an a lo g u e s . W h ile  th e  th io c y a n u ra te  u n it  h a s  a  g r e a te r  m a x im u m  b a r r ie r  to  ro ta t io n  th a n  th e  
c y a n u ra te  (b y  a  T y p e  A  d is to r t io n )  th is  is  m o re  th a n  o ffse t b y  th e  lo w e r  b a r r ie r s  to  ro ta t io n  
f o r  o th e r  m o d e s . I t  is  in te re s tin g  to  n o te  th a t  w h ils t c y a n u ra te s  a p p e a r  t o  b e  p rim a rily  
r e s tr ic te d  t o  f re e  ro ta t io n  b y  m o d e  C  th e  th io c y a n u ra te s  h a v e  sim ila r a c tiv a tio n  e n e rg ie s  f o r  
ro ta t io n  b y  m o d e s  eC ’ , ‘D ’ an d  CE \
5 .3 .2 .  C o n c lu s io n s  f r o m  d r a w n  f r o m  m o le c u la r  m o d e ll in g
T h e s e  c o n fo rm a tio n a l p lo ts  p ro v id e  a n  in te re s tin g  in s ig h t in to  th e  e n e rg e tic s  o f  b a c k b o n e  
flex ib ility  in  lin e a r  a ro m a tic  p o ly m e rs  an d  p ro v id e s  in fo rm a tio n  w h ic h  w ill b e  u se fu l in  th e  
in te rp re ta t io n  o f  th e  r e s u lts  in  s u b s e q u e n t c h a p te rs . T h e  ab se n c e  o f  a  d ire c t c o r re la t io n  
b e tw e e n  th e  p re d ic te d  b a r r ie r s  to  r o ta t io n  a n d  th e  a c tiv a tio n  e n e rg ie s  f o r  th e  e x o th e rm ic  
e v e n ts  e n c o u n te re d  d o e s  n o t d is p ro v e  S h a ll a n d  K a u la ’s  h y p o th e s is  re la tin g  to  
c ry s ta llisa tio n  o f  m e th o x y -c y a n u ra te  m a te r ia ls . H o w e v e r , th e  la c k  o f  a n  o b v io u s  
c o r re la t io n  p ro m p te d  a  s e a rc h  f o r  o th e r  p o te n tia l  c h a n g e s  th a t  c o u ld  g iv e  r ise  to  a n  
e x o th e rm  u p o n  h e a tin g  p o ly (m e th o x y -c y a n u ra te ) s  to  3 0 0  °C . T h e  a p p a re n t d if fe re n c e s  in  
th e  f lex ib ility  o f  th e  c y a n u ra te  a n d  th io c y a n u ra te  lin k a g e s  h a v e  b e e n  n o te d  a n d  w ill b e  
b o rn e  in  m in d  w h e n  in te rp re tin g  th e  r e s u lts  o f  th e  sy n th e tic  w o rk  p re s e n te d  in  c h a p te r  8 .
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5 .3 .3 .  O t h e r  p o s s ib le  r e a c t io n s  t h a t  m ig h t  g iv e  r i s e  to  e x o th e r m s  a t  1 9 0  ° C
T h e  f irs t lo g ic a l s te p  w a s  to  m a k e  a  D S C  a n a ly s is  o f  tr ip h e n o x y -s - tr ia z in e  a n d  d ip h e n o x y -  
m e th o x y -s - tr ia z in e . T h e se  a n a ly se s  w e r e  c a r r ie d  o u t  u n d e r  id e n tic a l c o n d itio n s  to  th o s e  
e m p lo y e d  in  c h a p te r  4 . T h e  re s u lt in g  D S C  c u rv e s  c a n  b e  s e e n  in  F ig u re  5 .1 6 . T G A  
a n a ly se s  o n  b o th  m a te r ia ls  s h o w e d  o n ly  s lig h t w e ig h t lo s s  b e lo w  2 5 0  °C .
DSC
Temp[C]
F ig u re  5.16 D S C  o f tr ip h e n o x y -s - tr ia z in e  a n d  d ip h en o x y -m eth o x y -s-triaz in e  u n d e r  n itro g e n  
(h ea tin g  r a te  10 K a n in '1, f lo w ra te  30  cm /m in "1)
T h is  an a ly s is  sh o w e d  c lea rly  th a t  w h ile  th e  w h o lly  a ro m a tic , t r ip h e n o x y -s - tr ia z in e  d id  n o t  
g iv e  any  e x o th e rm ic  c h a n g e  b e lo w  3 0 0  °C , th e  d ip h e n o x y -m e th o x y -s - tr ia z in e  d id . I t  h a s  
b e e n  k n o w n  f o r  m a n y  y e a rs  th a t  p u re ly  a l ip h a tic  c y a n u ra te s  ca n  b e  th e rm a lly  u n s ta b le  a n d  
iso m e r ise  re a d ily  to  y ie ld  th e  c o r re s p o n d in g  iso c y a n u ra te . T r im e th o x y -s - tr ia z in e  iso m e r is e s  
in  th e  v a p o u r  p h a s e  w h e n  h e a te d  a b o v e  2 6 5  ° C 124. T h e  e n th a lp y  o f  iso m e r is a tio n  to  
tr im e th y l- iso c y a n u ra te  in  th e  g a s  p h a s e  is  2 0 2 .6  k J .m o l '1. T o  g iv e  an  a p p ro x im a te  f ig u re  
f o r  th e  e n th a lp y  th a t  m ig h t b e  e x p e c te d  f o r  th e  iso m e r is a tio n  o f  a  s in g le  m e th o x y -c y a n u ra te  
u n it  d iv is io n  o f  th is  v a lu e  b y  th r e e  g iv e s  6 5 .5  k J .m o l"1. T h e  lo w e r  e n th a lp y  c h a n g e  
o b s e rv e d  in  th e  D S C  an a ly sis  o f  d ip h e n o x y -m e th o x y -s - tr ia z in e  (1 3 .6  k J .m o l ' 1 )  c o u ld  b e  
ta k e n  a s  a n  in d ic a tio n  th a t  th e  m a te r ia l  is  u n d e rg o in g  p a r tia l iso m e risa tio n .
T o s a to  e t  a l  h a v e  sh o w n , th r o u g h  N M R  s tu d ie s , th a t  m e th y l- tra n s fe r  b e tw e e n  th e  
m e th o x y  o x y g e n  a n d  o n e  o f  tw o  e q u iv a le n t  n itro g e n s  o n  th e  tr ia z in e  r in g  c a n  ta k e  p la c e  a t 
te m p e ra tu re s  c lo se  to  200  °C  in  m e th o x y -c y a n u ra te s 145,146. T h is  p ro v id e s  fu r th e r  s u p p o r t
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fo r  th e  h y p o th e s is  th a t  is o m e r is a tio n  is  b e in g  o b s e rv e d  in  th e  p o ly m e rs .
5 .3 .4 .  T h e  e f fe c t  o f  m o le c u l a r  w e ig h t .
T o  b r ie f ly  in v e s tig a te  th e  e ffe c t o f  m o le c u la r  w e ig h t u p o n  th e  v a lu e s  o f  T p a n d  E a th e  D S C  
c u rv e s  o f  th r e e  d if fe re n t sa m p le s  w e re  c o m p a re d . T h e  f irs t tw o  h a v e  a lre a d y  b e e n  
p re s e n te d  in  th e  th e s is : sa m p le s  D P E M C  1 a n d  D P E M C 2 , th e  la t te r  b e in g  o f  h ig h e r  
m o le c u la r  w e ig h t o n  th e  g r o u n d s  o f  so lu b ility  a n d  its  ab ility  to  fo rm  film s. A  th ird  sa m p le  
o f  h ig h e r  m o le c u la r  w e ig h t w a s  p re p a re d  b y  u s in g  a  v ib ra tin g  m ix e r  f o r  th e  p h a s e - tra n s fe r  
p o ly m e risa tio n . T h is  m ix e d  th e  tw o  p h a s e s  b y  so n ic  c a v ita tio n  a n d  g a v e  a  v e iy  
h o m o g e n o u s  e m u ls io n  th ro u g h o u t  th e  re a c tio n . A fte r  1 h o u r  a t  ro o m  te m p e ra tu re  th e  
re a c t io n  h a d  p ro c e e d e d  t o  su c h  a n  e x te n t  th a t  th e  p o ly m e r  so lid ified  a s  a  g e l w h ic h  
a b s o rb e d  th e  e n tire  o rg a n ic  p h a se . T h is  m a te r ia l c o u ld  n o t  re a d ily  b e  d is s o lv e d  in  
c h lo ro fo rm  a n d  p u r if ic a tio n  b y  p re c ip ita tio n  w a s  n o t  p o ssib le . A  sa m p le  o f  th is  m a te r ia l 
w a s ,  h o w e v e r , a n a ly se d  b y  D S C  a f te r  d iy in g  to  c o n s ta n t  w e ig h t u n d e r  v a c u u m  a t  8 0  °C  f o r  
4 8  h o u rs . T h e  D S C  c u rv e s  o f  th e s e  th r e e  D P E M C  sa m p le s  c a n  b e  se e n  b e lo w  in  F ig u re  
5 .1 7 .
DSC
F ig u re  5 .1 7  D S C  cu rv es fo r  sam p les  o f  D P E M C  o f  d iffe ren t m o le cu la r w eigh ts.
N o  q u a n t i ta t iv e  re la tio n sh ip  c a n  b e  m a d e  f ro m  th is  p lo t  a s  a c c u ra te  m o le c u la r  w e ig h t 
d is tr ib u tio n s  a re  n o t  av a ila b le  f o r  th e  lo w  a n d  h ig h  m o le c u la r  w e ig h t m a te r ia ls . I t  d o e s  
s h o w  q u ite  c lea rly  th a t  th e  p e a k  m a x im u m  f o r  th e  e x o th e rm  in c re a se s  s ig n ific an tly  w ith  a  
d e c re a s e  in  m o le c u la r  w e ig h t. I f  th e  e x o th e rm s  w e r e  d u e  to  c ry s ta llisa tio n  th is  p a t te rn  
c o u ld  b e  ra tio n a lis e d  in  te rm s  o f  th e  p o ss ib le  in h ib itio n  o f  c ry s ta llisa tio n  b y  lo w  m o le c u la r
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w e ig h t re s id u e s  in  th e  p o ly m er. In  th e  s e c o n d  h e a tin g  ru n  o f  th e  D P E M C  sa m p le  w ith  M n 
= 9 8 0 0  it  is  in te re s tin g  to  n o te  th a t  th e re  is  a  v e ry  w e a k  e n d o th e rm  w h ic h  c o r re s p o n d s  to  
th e  te m p e ra tu re  o f  th e  e x o th e rm  in  th e  f irs t h e a tin g  ru n . T h is  c o u ld  b e  in d ic a tiv e  o f  a  
p o o r ly  a n n e a le d  se m i-c ry s ta llin e  m a te r ia l w ith  v e ry  sm all p o o r ly  fo rm e d  c ry s ta llite s .
A n  a n n e a lin g  s tu d y  o f  D P E M C  w a s  c a r r ie d  o u t t o  s e e  i f  th e  m a te r ia l c o u ld  b e  in d u c e d  to  
g iv e  a  s t ro n g e r  e x o th e rm  a t  th e  te m p e r a tu re  c o r re s p o n d in g  to  th e  e x o th e rm  in  th e  f irs t 
h e a tin g  ru n . S am p le s  o f  D P E M C  w e r e  h e a te d  iso th e rm a lly  a t v a r io u s  te m p e ra tu re s  fo r  
1 0 0 0  m in u te s  an d  th e n  c o o le d  to  7 0  °C . A f te r  th is  th e y  w e re  h e a te d  to  3 0 0  °C . T h e  r e s u lts  
c a n  b e  s e e n  b e lo w  in  F ig u re  5 .1 8 .
DSC
F ig u re  5 .18  D S C  cu rv e s  o f  an n e a led  D P E M C  sam p les  h e a te d  a t 10 K .m in"1 u n d e r  n itro g e n
E a c h  o f  th e  a n n e a le d  sa m p le s  s h o w e d  a t le a s t  a  w e a k  e n d o th e rm  a t a p p ro x im a te ly  2 4 9  °C . 
I t  is  in te re s tin g  to  n o te  th a t  a n n e a lin g  a b o v e  th e  te m p e ra tu re  o f  th e  e x o th e rm  se e m s  to  
r e d u c e  i ts  in ten sity . T h is  w o u ld  b e  e x p e c te d  f o r  a  v e ry  w e a k  c ry s ta llin e  p h a s e  c o m p rise d  o f  
p o o r ly  fo rm e d  c ry s ta llite s .
5 .3 .5 .  C o n c lu s io n s  r e l a t i n g  to  t h e  t h e r m o m e c h a n ic a l  b e h a v io u r  o f  l i n e a r  c y a n u r a t e  
p o ly m e r s .
T h e  th e o re tic a l  c a lc u la t io n s  a n d  e x p e r im e n ta l o b s e rv a tio n s  a p p e a r  to  b e  g iv in g  s o m e w h a t 
c o n f lic tin g  in fo rm a tio n  a b o u t n a tu re  o f  th e  e x o th e rm ic  p ro c e s s  w h ic h  is  o b se rv e d  w h e n  all 
c o p o ly (m e th o x y -c y a n u ra te ) s  a re  h e a te d . I t  h a s  b e e n  s h o w n  th a t  p ro lo n g e d  a n n e a lin g  c a n  
g iv e  a  d e te c ta b le  e n d o th e rm  a t a p p ro x im a te ly  2 5 0  °C . T h is  w o u ld  b e  e x p e c te d  f o r  a  se m i­
c ry s ta llin e  m a te ria l. H o w e v e r , th e  s tu d y  o f  th e  m o d e l c o m p o u n d  d ip h e n o x y -m e th o x y -s -
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t r ia z in e  h a s  a lso  d e m o n s tr a te d  th a t  c h e m ic a l c h a n g e  is  fe a s ib le  f o r  th e  m e th o x y -c y a n u ra te  
u n i t  a t  te m p e r a tu re s  in  th e  v ic in ity  o f  th e  e x o th e rm  o b s e rv e d  f o r  th e  p o ly m e ric  sy s tem s. 
T h e  ch e m ic a l is o m e r is a tio n  o f  a ro m a tic  p o ly (b u to x y -m e la m in e )s  h as  b e e n  re p o r te d  b y  
S u n d q u v is t147 a n d  c o w o rk e r s  to  y ie ld  y e llo w , re s in o u s  h ig h  T g m a te r ia ls  w i th  cy c lic  a m id e  
u n i ts  in  th e ir  b a c k b o n e s  a c c o rd in g  to  th e  s c h e m e  b e lo w . A lth o u g h  th e  b a c k b o n e  is s lig h tly  
d if fe re n t f ro m  th e  p o ly e th e rs  s tu d ie d  so  f a r  it  s e rv e s  to  il lu s tra te  th e  fa c t th a t  iso m e r isa tio n  
o f  a lk o x y -tr ia z in e  s tru c tu ra l  r e p e a t  u n its  is  fea s ib le  a t  th e  te m p e ra tu re s  u n d e r  
c o n s id e ra tio n .
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F ig u re  5 .19  Iso m e risa tio n  o f  b u to x y -c y a n u ra te  p o ly m e rs  a c c o rd in g  to  S u n d q u v is t e t a l
B e a r in g  th is  in  m in d  it is  p o s s ib le  th a t  tw o  o r  m o re  e x o th e rm ic  p ro c e s s e s  m ay  b e  ta k in g  
p la c e  s im u lta n e o u s ly . T h e  in tro d u c tio n  o f  p o la r  c a rb o n y l u n its  p e n d a n t t o  th e  ch a in  w o u ld ,  
in  tu r n ,  b e  e x p e c te d  to  h a v e  a n  e f fe c t o n  th e  T g a n d  m e c h a n ic a l p ro p e r t ie s  o f  th e  sy s te m  b y  
in c re a s in g  b a c k b o n e  r ig id ity  a n d  p o la r  in te ra c t io n s  b e tw e e n  ch a in s .
C ry s ta llis a tio n  o r  o th e r  o rd e r in g  c a n  so m e tim e s  b e  re d u c e d  o r  in h ib ited  b y  in c o rp o ra t in g  a  
v a r ie ty  o f  d if fe re n t b a c k b o n e  u n its  in  ra n d o m  c o p o ly m e risa tio n s . A  se rie s  o f  
te rp o ly (m e th o x y -c y a n u ra te ) s  w e r e  p r e p a re d  t o  in v e s tig a te  th e  p o te n tia l o f  th is  a p p ro a c h  
a n d  a re  p re s e n te d  in  c h a p te r  7. T o  m a in ta in  c o n s is te n c y  w ith in  th e  se r ie s  an d  to  a l lo w  
c o m p a r is o n  w i th  c h a p te r  4 , m ix tu re s  o f  b isp h e n o ls  a re  p o ly m e r ise d  w ith  M D C T . 
B is p h e n o ls  w i th  s ig n ific a n tly  d if fe re n t b a r r ie r s  t o  ro ta t io n  w e re  s e le c te d  f o r  e a c h  se ries.
O
NA n
- A r -N -J l  N- i N i 
H H
Py.HCl, 200 °C
O
XN N
■ A t - n A  J- U -
H H
5.3 Thermomechanical Behaviour o f Copoly(methoxy-cyanurate)s
Chapter 6 Halogenated, Aromatic, Linear Poly(cyanurate)s 154
6. Halogenated, Aromatic, Linear 
 Poly(cyanurate)s
6 .1 . I n t r o d u c t i o n .................................................................................................................................................... 1 5 5
6 .2 . A im s  o f  T h is  S e c t io n ...................................................................................   1 5 6
6 .3 . I n i t i a l  S t u d i e s .................................................................................................................................................1 5 6
6 .3 .  L  C o p o ly  ( m e t h o x y - c y a n u r a t e )  s  o f  t e t r a c h l o r o -  a n d  t e t r a b r o m o b i s p h e n o l - A  1 5 6
6 .4 . T e r p o ly m e r i s a t io n  o f  M D C T  w i th  T e t r a c h lo r o b i s p h e n o l - A  a n d  
B i s p h e n o l - A   ............................................................   1 5 7
6 .5 . G P C  o f  C h l o r in a t e d  C o p o I y ( b is p h e n o I - A - m e th o x y - c y a n u r a te ) s .................................1 5 9
6.6 . F T I R  S p e c t r o s c o p y  o f  H a lo g e n a te d  C o p o ly ( m e th o x y - c y a n u r a te s )  o f  
B i s p h e n o l - A ...................   1 6 0
6 .6 .1 .  F T I R  o f  th e  c o p o ly ( m e t h o x y - c y a n u r a t e )  o f  t e t r a c h l o r o b i s p h e n o l - A .......................1 6 0
6 .6 .2 .  F T I R  o f  t e r p o ly ( m e t h o x y - c y a n u r a t e ) s  o f  b is p h e n o l - A  a n d
t e t r a c h l o r o b i s p h e n o l - A ..................................................................................................................1 6 1
6 .7 . T G A  o f  H a lo g e n a te d  P o ly ( m e th o x y - c y a n u r a te s )  o f  B i s p h e n o l - A .............................. 1 6 3
6.8 . D S C  o f  H a lo g e n a te d  P o ly ( m e th o x y - c y a n u r a te ) s  o f  B i s p h e n o l - A ............................... 1 6 4
6 .9 . E le m e n ta l  A n a ly s is  o f  H a lo g e n a t e d  P o I y ( m e th o x y - c y a n u r a t e ) s  o f  
B i s p h e n o l - A ....................................................................................................................................................1 6 9
6.1 0 . C o n c lu s io n s  f r o m  t h e  s tu d y  o f  H a lo g e n a te d ,  A r o m a t i c  P o l y ( c y a n u r a t e ) s  17 0
6.1 Introduction.
Chapter 6 Halogenated, Aromatic, Linear Poly(cyanurate)s 155
6.1. Introduction.
D P E M C  a t  2 9 8 K  h a s  a  s p e c tra l  em iss iv ity  b e tw e e n  8 a n d  12 p m  o f  0 .6 5 . A  sig n ific an t 
p r o p o r t io n  o f  th is  em iss iv ity  is  d u e  to  a ro m a tic  C -H  d e fo rm a tio n s  b e tw e e n  8.6  a n d  12 p m . 
T h e re  a re  tw o  p r im a ry  s o u rc e s  o f  em iss iv ity  in  th e  8 -1 2  p m  re g io n  w h ic h  c a n  b e  a t tr ib u te d  
to  a ro m a tic  r in g s . B e tw e e n  8 .2  a n d  10 .5  p m  b a n d s  a re  o b se rv e d  w h ic h  c o r re s p o n d  to  in ­
p la n e  C -H  d e fo rm a tio n s . T h e s e  v a ry  c o n s id e ra b ly  w ith  su b s t itu tio n  p a t te r n  a n d  a re  o f te n  
h ig h ly  c o r re la te d  w ith  r in g  C = C  d e fo rm a tio n s . I n  g e n e ra l th e  a b s o rp tio n s  d u e  to  th e s e  
b a n d s  a re  d e s c r ib e d  a s  b e in g  w e a k . T h e  s e c o n d  s o u rc e  o f  e m iss iv ity  c o m e s  f ro m  C -H  o u t-  
o f -p la n e  d e fo rm a t io n s  w h ic h  a re  c o m m o n ly  o b se rv e d  b e tw e e n  1 0 .0  a n d  1 5 .4  p m . T h e  o u t-  
o f -p la n e  d e fo rm a t io n s  c a n  g iv e  r is e  to  v e ry  s tro n g  a b s o rp tio n  b a n d s .
W h e n  a t te m p tin g  to  r e d u c e  th e  a b s o rp tio n s  by  th e  a ro m a tic  b a c k b o n e  u n its  b e tw e e n  8 an d  
12 p m  a  n u m b e r  o f  f a c to rs  m u s t  b e  ta k e n  in to  a c c o u n t. A n y  c h a n g e  to  th e  s u b s titu tio n  
p a t te r n  to  m o d ify  th e  p a t te r n  o r  in te n s ity  o f  th e  in -p la n e  d e fo rm a tio n  b a n d s  w ill in e v ita b ly  
h a v e  an  e f fe c t o n  th e  p a t te r n  a n d  in te n s ity  o f  th e  o u t-o f -p la n e  d e fo rm a tio n  b a n d s  an d  v ic e  
v e r s a .  I t  w a s  d e c id e d  th a t  s u b s t i tu tio n  p a t te rn s  w h ic h  re su lte d  in  o n ly  o n e  ty p e  o f  r in g  
h y d ro g e n  sh o u ld  b e  in v e s tig a te d  a s  it  w a s  e x p e c te d  th a t  th is  w o u ld  g iv e  s im p le r  I R  s p e c tra  
a n d  w o u ld  m in im ise  th e  n u m b e r  o f  b a n d s  a s s o c ia te d  w ith  o u t  o f  p la n e  d e fo rm a tio n s .
S e le c tiv ity  o f  s u b s t i tu t io n  is  im p o r ta n t.  A  m ix tu re  o f  d iffe ren t s u b s t i tu te d  a ro m a tic s  w o u ld  
g iv e  r is e  t o  a b s o rp t io n  a c ro s s  a  w id e r  b a n d w id th  an d  c o u ld  c o n s e q u e n tly  in c re a se  th e  
b a n d w id th  o v e r  w h ic h  e m iss io n  c a n  o c c u r .
P e rc h lo r in a te d  a n d  p e rb ro m in a te d  a ro m a tic  r in g s , a s  m ig h t b e  e x p e c te d , d o  n o t  ex h ib it any  
C -H  in -p la n e  d e fo rm a tio n  b a n d s  a n d  in  g e n e ra l a re  h ig h ly  tr a n s p a r e n t  in  th e  8 -1 2  p m  
r e g io n  o f  th e  in fra re d . I t  w a s  u n c e r ta in , h o w e v e r , w h a t  e ffec t h ig h  d e g re e s  o f  h a lo g e n a tio n  
w o u ld  h a v e  u p o n  th e  p h y s ic a l a n d  m e c h a n ic a l p ro p e r tie s  o f  lin e a r  tr ia z in y l p o ly e th e rs .
H e n c e ,  a t te m p ts  w e re  m a d e  to  sy n th e s ise  o r  p u rc h a s e  a  n u m b e r  o f  h a lo g e n a te d  b isp h e n o ls  
a n d  t o  in v e s tig a te  th e  o p tic a l a n d  p h y s ic a l p ro p e r t ie s  o f  an y  p o ly m e rs  w h ic h  w e r e  o b ta in e d  
f ro m  th e ir  c o p o ly m e r is a tio n  w ith  m e th o x y -d ic h lo ro tr ia z in e  (M D C T ). T h e  ta rg e t  m o le c u le s  
w e r e  s e t a s  b e in g  a ro m a tic  b is p h e n o ls  w ith  iso la te d  r in g  h y d ro g e n s  a n d  sy m m e try  a ro u n d
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th e  p h en y l rin g s . T h e  tw o  b a c k b o n e  sy s te m s  th a t  w e r e  in itia lly  c o n s id e re d  w e r e  b a s e d  
u p o n  d ih y d ro x y -d ip h e n y l e th e r  (D H P E )  a n d  B isp h e n o l-A  (B P A ).
6.2. Aims o f This Section
T h is  s e c tio n  a im s to  in v e s tig a te  th e  p o te n tia l  u se  o f  h a lo g e n a te d  b is p h e n o l m o n o m e rs  to  
re d u c e  th e  I R  em iss iv ity  o f  lin e a r  c o p o ly (m e th o x y -c y a n u ra te )s .  T h e  e f fe c t  o f  th e  in te n s itie s  
o f  k e y  b a n d s  in  th e  3 -5  a n d  8-12  j im  d e te c tio n  w in d o w s  a re  in v e s tig a te d . O th e r  
m o d if ic a tio n s  o f  th e  f in g e rp r in t r e g io n  a re  a lso  n o te d . T h e  e f fe c t th a t  th e  in c o rp o ra t io n  o f  
h a lo g e n s  in to  th e  p o ly m e rs  h a s  u p o n  th e ir  so lu b ility  a n d  m e c h a n ic a l p r o p e r t ie s  is  e v a lu a te d  
in  a  q u a lita tiv e  fash io n .
6.3. Initial Studies
B o th  te tr a c h lo ro -b is p h e n o l-A  a n d  te tra b ro m o -b is p h e n o l-A  a re  c o m m e rc ia lly  ava ilab le . T h e  
la t te r  is  u s e d  a s  a  f la m e - re ta rd a n t a d d itiv e  in  p o ly m e r  fo rm u la tio n s . S a m p le s  o f  e a c h  
m a te r ia l w e r e  o b ta in e d  f ro m  A ld r ic h  C h e m ic a l C o . a n d  A lb e rm a rle  re sp e c tiv e ly . S ev e ra l 
a t te m p ts  w e re  m a d e  in itia lly  to  sy n th e s ise  h ig h ly  b ro m in a te d  o r  c h lo r in a te d  b isp h e n o ls  by  
re a c tio n  f ro m  c o m m e rc ia lly  av a ila b le  b isp h e n o ls . M a te r ia ls  w ith  u p  t o  6 0 %  o f  th e  r in g  
h y d ro g e n s  s u b s t i tu te d  b y  h a lo g e n  w e r e  sy n th e s ise d  b u t  i t  w a s  fo u n d  th a t  su c h  h ig h ly  
h a lo g e n a te d  m a te r ia ls  w e r e  to o  in so lu b le  in  so lv e n ts  c o m p a tib le  w ith  th e  p o ly m e r isa tio n  
m e th o d  to  a l lo w  a n y th in g  e x c e p t o lig o m e r ic  p ro d u c ts  t o  b e  o b ta in e d . I t  w a s  d e c id e d , 
th e re fo re , th a t  p e rb ro m in a te d  a n d  p e rc h lo r in a te d  m o n o m e rs  d id  n o t  p ro v id e  p ra c tic a l 
so lu tio n s  to  th e  p ro b le m  o f  a b s o rp tio n  b y  a ro m a tic  b a c k b o n e s . I t  w a s  d e c id e d  th a t  th e  
in v e s tig a tio n  sh o u ld  c o n tin u e  w ith  th e  co m m erc ia lly  av a ila b le , sy m m e tr ic a lly  su b s t itu te d  
te tra h a lo g e n a te d -b is p h e n o ls .
6 .3 .1 .  C o p o ly ( m e th o x y - c y a n u r a te ) s  o f  t e t r a e h l o r o -  a n d  t e t r a b r o m o b i s p h e n o l - A
E a c h  o f  th e  h a lo g e n a te d  b is p h e n o ls  w a s  c o p o ly m e rise d  w ith  M D C T  u s in g  th e  sy n th e tic  
m e th o d  d e s c r ib e d  in  c h a p te r  4 . D ic h lo ro m e th a n e  w a s  u s e d  a s  th e  s o lv e n t a n d  a n  a q u e o u s : 
o rg a n ic  p h a s e -v o lu m e -ra t io  (P V R )  o f  0 .2 5  w a s  u se d  in  e a c h  ca se . T h e  a q u e o u s  p h a s e  
c o n s is te d  o f  100  cm 3 so d iu m  h y d ro x id e  (0 .2  M )  a n d  0 .0 1  m o le s  o f  M D C T . T h e  p h a s e
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t r a n s fe r  c a ta ly s t w a s  o n c e  a g a in  C e tr im id e  a t a  c o n c e n tra tio n  o f  6 m o la r  %  w ith  r e s p e c t  to  
M D C T . A f te r  4  h o u r s ,  th e  c o p o ly m e r is a tio n  o f  te tra c h lo ro b is p h e n o l-A  w ith  M D C T  a t  3 0  
°C  g a v e  a  tu rb id  r e a c tio n  m ix tu re  in  w h ic h  g lo b u le s  o f  sw o lle n  p o ly m e r  w e re  a p p a re n t. 
T h e  a d d itio n  o f  1 0 0  cm ° o f  a d d itio n a l d ic h lo ro m e th a n e  m e re ly  re s u lte d  in  th e  fo rm a tio n  o f  
a  h ig h ly  sw o lle n  g e l. W h e n  th is  g e l w a s  d r ie d , a  h a rd  o ff-w h ite  c ru d e  w a s  o b ta in e d  a t c lo se  
to  th e  th e o re tic a l  y ie ld  (F ig u re  6 .1 ) .T h is  so lid  h a d  s tro n g  affin ity  f o r  c h lo r in a te d  so lv e n ts  
b u t  w a s  n o t  su ffic ie n tly  s o lu b le  to  a l lo w  p u r if ic a tio n  b y  p re c ip ita tio n  in to  a  n o n -so lv e n t.
X
............(
_  X
x = ci
X=Br
Polymer = C14BPAM C 
Polym er = Br4BPAM C
F ig u re  6.1 H a lo g e n a te d  c o p o ly (m e th o sy -c y a n u ra te )s  o f  b ispheno l-A
A  p re c ip ita te  w a s  a lso  o b s e rv e d  a f te r  f o u r  h o u r s  o f  re a c tio n  w h e n  te tra b ro m o b is p h e n o l-A  
w a s  u se d  in  a n  a n a lo g o u s  fa sh io n . T h is  m a te r ia l w a s  in so lu b le  in  a  w id e  ra n g e  o f  p o la r  
s o lv e n ts  in c lu d in g  c h lo r in a te d  so lv e n ts . E x a m in a tio n  o f  b o th  so lid s  o b ta in e d  sh o w e d  th e  
p re se n c e  o f  b a n d s  a t  7 .2  a n d  8 .2  p m  w h ic h  w e re  ta k e n  to  in d ic a te  t h a t  a  c y a n u ra te  r in g  
sy s te m  h a d  b e e n  fo rm e d . T h is  c o n f irm e d  th a t  th e  m o n o m e rs  w e r e  re a c tiv e  to  
p o ly m e risa tio n . P ro b le m s  w i th  so lu b ility  a re  o f te n  e n c o u n te re d  w ith  a ro m a tic  p o ly m e rs  
w h ic h  h a v e  a  h ig h  b o u n d  h a lo g e n  c o n te n t.  B ro m in a te d  m a te r ia ls  a re  g e n e ra lly  le ss  so lu b le  
th a n  th e ir  c h lo r in a te d  a n a lo g u e s  a n d  th is  b o rn e  o u t  b y  o u r  in itia l s tu d y . I f  th e  p o ly m e rs  
fo rm e d  b e c o m e  in so lu b le  in  th e  o rg a n ic  p h a s e  b e fo re  h ig h  m o le c u la r  w e ig h ts  h a v e  b e e n  
a t ta in e d , lo w  re s il ie n c e  a n d  p o o r  film  fo rm in g  p ro p e r tie s  a re  o b se rv e d .
6.4. Terpolymerisation o f MDCT with Tetrachlorobisphenol-A and
Bisphenol-A
T o  o v e rc o m e  th e  so lu b ility  p ro b le m s  e n c o u n te re d  in  th e  la s t  s e c tio n  a  se rie s  o f  
te rp o ly m e rs  o f  th e  h a lo g e n a te d  b is p h e n o l-A  w ith  M D C T  an d  b is p h e n o l-A  w e r e  p re p a re d . 
I t  w a s  h o p e d  th a t  th e  b is p h e n o l-A  w o u ld  in c re a s e  th e  so lu b ility  o f  th e  p o ly m e rs  in  th e  
o rg a n ic  p h a s e  a n d  w o u ld  a l lo w  a  h ig h e r  m o le c u la r  w e ig h t to  b e  a t ta in e d . D e ta ils  o f  th e  
te rp o ly m e rs  p re p a re d  c a n  b e  s e e n  in  T a b le  6 .1  a n d  F ig u re  6 .2 . T h e  p o ly m e r isa tio n  m e th o d
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e m p lo y e d  w a s  id e n tic a l to  th a t  d e s c r ib e d  in  c h a p te r  4. D ic h lo ro m e th a n e  w a s  u se d  
ro u tin e ly  a s  th e  o rg a n ic  p h a s e  a t  a  te m p e ra tu re  o f  3 0  °C .
Series A - Terpolvmers
Cl Cl
m n
1 1 Terpolymer = Al
1 2 = A2
1 3 = A3
2 1 = A4
3 1 = A5
F ig u re  6 .2  T e rp o ly (m e th o x y -c y an u ra te )s  o f  b ispheno l-A  a n d  te tra c h lo ro b isp h e n o l-A
T a b le  6.1 L in e a r  tr ia z in y l p o ly m e rs  sy n th esised  f ro m  te tra h a lo g e n a te d  b isp h e n o l-A , 
b ispheno i-A  a n d  M e th o x y -d ich lo ro -triaz in e  (M D C T )
I d e n t i f i e r B P A "  
( M o l a r  r a t io  
to  M D C T )
X 4B P A b 
( m o la r  r a t io  
to  M D C T )
tR ( h r s ) c S o lu b i l i t y  
in  C H 2C l2
C o m m e n ts
Br4BPA - 1 4 insoluble white powder
Br4B PA l 0.5 0.5 3 moderate brittled
Br4BPA2 0.67 0.33 3 moderate brittle d
CI4BPA - 1 4 swells could not be purified
C14BPA (A 1) 0.5 0.5 18 good brittle d
CIJBPA (A2) 0.67 0.33 18 good brittle d
CI4BPA (A3) 0.75 0.25 18 good b rittle6
CI4BPA (A4) 0.33 0.67 18 good b rittle 6
CI4BPA  (A5) 0.25 0.75 18 good brittle d
A l l  r e a c t io n s  c a r r ie d  o u t  o n  0 .0 1  m o la r  s c a le  u s in g  to t a l  r e a c t io n  v o lu m e  o f  1 2 5  c m 3 a t  3 0  ° C  
D ic h lo r o m e th a n e  w a s  u s e d  a s  th e  o r g a n ic  p h a s e  in  a l l  cases  w ith  a  P V R  ( O r g . /A q . )  o f  0 .2 5 .
a BPA = Bisphenol -A
b X4BPA = tetrahalogenated -bisphenol-A where X is either Br or Cl 
c Reaction time
d Could not isolate film due to brittleness of material
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E a c h  sy n th e s is  y ie ld e d  th e  p o ly m e r ic  p r o d u c ts  in  c lo se  to  th e o re tic a l  y ie ld . T h e  p o ly m e rs  
w e re  all w h ite  to  o f f-w h ite  p o w d e rs .  T h e  p o ly m e rs  fo rm e d  w e re  p u r if ie d  b y  p re c ip ita t io n  
f ro m  d ic h lo ro m e th a n e  in to  h e x a n e , f i l te re d  a n d  d r ie d  a t 80  °C  f o r  2 4  h o u rs  u n d e r  v a c u u m . 
T h e  p o w d e re d  b ro m in a te d  m a te r ia ls  h a d  a  te n d e n c y  to  d ev e lo p  s ig n ific a n t s u r fa c e  c h a rg e . 
E a c h  m a te r ia l w a s  an a ly se d  b y  G P C , F T IR , T G A  a n d  D S C .
6.5. GPC o f Chlorinated Copoly(bisphenol-A-methoxy-cyanurate)s.
T h e  b ro m in a te d  te rp o ly m e rs  w e r e  in so lu b le  in  all n o n -c h lo r in a te d  so lv e n ts  in c lu d in g  
d im e th y l a c e ta m id e  (D M A c ). F o r  th is  r e a s o n  m o le c u la r  w e ig h t d is tr ib u tio n s  c o u ld  n o t  b e  
o b ta in e d  f o r  th e  b ro m in a te d  m a te r ia ls .  S a m p le s  A 4  a n d  A 5  w e re  a lso  in so lu b le  in  D M A c  
a n d  c o u ld  n o t  b e  an a ly sed . S a m p le s  A l  t o  A 3  w e r e  so lu b le  in  D M A c . an d  w e r e  a n a ly se d  
by  G P C . T h e  re s u lts  c a n  b e  s e e n  in  T a b le  6 .2 . A  s to ic h io m e tr ic a lly  w e ig h te d  a v e ra g e  o f  
th e  tw o  r e p e a t  u n its  in  c o n ju n c tio n  w ith  M n in  th e  C a ro th e rs  e q u a t io n 42 f o r  a n  A -A /B -B  
p o ly m e r  sy s te m  w a s  u s e d  t o  c a lc u la te  th e  n u m b e r  a v e ra g e  d e g re e  o f  p o ly m e r isa tio n  a n d  
th e  e x te n t  o f  m o n o m e r  c o n v e r s io n  f o r  e a c h  m a te r ia l.
T ab le  6 .2  M o le c u la r  w e ig h t d is tr ib u t io n s  fo r  ch lo rin a te d  p o ly (m e th o x y -c y an u ra te )s  o f  
b ispheno l-A
N a m e M n M P M w M . M . + i M J M n P
( D a l to n s )  (D a l t o n s )  ( D a l t o n s )  (D a l t o n s )  (D a l to n s )
A l 4000 10000 10000 18000 24000 2.50 2 0 0.950
A2 4000 12000 13000 24000 33000 3225 2 1 0.952
A3 2000 7000 9000 18000 25000 4.50 11 0.909
T h e  in c o rp o ra t io n  o f  c h lo rin e  in to  th e  b a c k b o n e  w o u ld  se em  to  a f fe c t th e  c o u r s e  o f  th e  
p o ly m e r is a tio n  q u ite  s ig n ific an tly . T h e  p o ly d is p e rs itie s  o f  th e  s a m p le s  a re  lo w e r  th a n  th e  
th o s e  o b s e rv e d  u s in g  th e  sa m e  c o n d it io n s  f o r  s im p le  c o p o ly (b isp h e n o l-A -m e th o x y -  
c y a n u ra te ) . F ro m  th e  e x te n ts  o f  r e a c t io n  s h o w n  in  T a b le  6 .2  i t  w o u ld  a p p e a r  th a t  o n ly  
o lig o m e ric  p ro d u c ts  h a v e  b e e n  o b ta in e d  a s  s te p w ise  c o n d e n s a tio n s  re q u ire  d e g re e s  o f  
c o n v e rs io n  in  e x c e s s  o f  9 5 %  f o r  th e  fo rm a tio n  o f  h ig h  m o le c u la r  w e ig h t m a te ria ls . A n  
in itia l e x p la n a tio n  f o r  th is  m ig h t b e  o f fe re d  f ro m  th e  p o te n tia l d if fe re n c e s  in  re a c tiv i tie s  o f  
th e  c h lo r in a te d  a n d  u n -c h lo r in a te d  m o n o m e rs , re su lt in g  in  p re fe re n tia l in c o rp o ra t io n  o f  th e  
le ss  s te ric a lly  h in d e re d  m a te r ia l. A lte rn a tiv e ly  it m a y  b e  th a t  th e  c h lo r in a te d  m o n o m e r  is
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le s s  r e a c tiv e  in  th e  c h a in  a d d itio n  s ta g e s  o f  th e  p o ly m e risa tio n s  d u e  t o  s te r ic  h in d ra n c e  o r  
a n  e le c tro n ic  e ffec t. T h is  c o u ld  b e  e sp e c ia lly  p ro b le m a tic  w h e n  th e  c h lo ro tr ia z in y l m o ie ty  
h a s  a lre a d y  u n d e rg o n e  su b s t i tu tio n  b y  o n e  te tra c h lo ro b is p h e n o l-A  u n it.
6.6. FTIR Spectroscopy o f  Halogenated Copoly(methoxy-cyanurates) o f
Bisphenol-A
A s  n o n e  o f  th e  p o ly m e rs  c o u ld  b e  r e m o v e d  f ro m  g la s s  p la te s  to  y ie ld  film s f o r  a n a ly s is ,, 
th e i r  I R  s p e c tr a  w e re  r e c o rd e d  u s in g  D R IF T S .
6 .6 .1 .  F T I R  o f  t h e  c o p o ly ( m e th o x y - c y a n u r a te )  o f  t e t r a c h lo r o b i s p h e n o l - A
F ig u re  6 .3  sh o w s  th e  o v e r la id  s p e c tr a  o f  th e  tw o  m a te r ia ls  o b ta in e d  b y  th e  
c o p o ly m e r is a tio n  o f  b isp h e n o l-  A  a n d  te tra c h lo ro b is p h e n o l-A  w ith  M D C T ; (B P A M C  a n d  
C f iB P A M C  re sp e c tiv e ly ) .
Wavelength (nm)
cop olyCbisphenolrA-methosy- cyanurate) 
c opoly(tetrachlo.ro -bisphenol-A-methoxy-cyanurate)
F ig u re  6 .3  O v e rla id  I R  S p e c tra  o f  B P A M C  a n d  CI4B P A M C
B e tw e e n  3 a n d  5 p m  th e  e ffec t o f  u s in g  th e  te tra c h lo ro -b is p h e n o l-A  in s te a d  o f  b is p h e n o l-  
A  is  to  re d u c e  th e  n u m b e r  o f  b a n d s  c o r re s p o n d in g  to  C -H  s tre tc h in g  m o d e s . I t  w o u ld  
a p p e a r  h o w e v e r , th a t  th e  C -H  m o d e s  in  th e  c h lo r in a te d  m a te ria l a re  s t r o n g e r  th a n  th o s e  in  
th e  u n c h lo r in a te d  a n a lo g u e . T h is  m ig h t b e  e x p e c te d  a s  th e  ch lo rin e s  p a r a -  t o  th e  is o la te d  
r in g  h y d ro g e n s  w o u ld  in c re a se  th e  b o n d  t ra n s i t io n  d ip o le  o f  th e  C - H  s tre tc h in g
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fu n d a m e n ta ls . H o w e v e r , th e  e f fe c t is  n o t  v e ry  m a rk e d  a n d  is  n o t  c o n s id e re d  to  p o s e  a  
s ig n ific an t p ro b le m  in  te rm s  o f  th e  o p tic a l  su ita b ility  o f  th e  c h lo r in a te d  m a te r ia l.
I n s p e c tio n  o f  th e  tw o  s p e c tr a  d e p ic te d  in  F ig u re  6 .3  s h o w  a  n u m b e r  o f  s ig n ific an t 
im p ro v e m e n ts  in  g o in g  f ro m  th e  u n c h lo r in a te d  B P A M C  (d a s h e d  lin e )  to  th e  
te tr a c h lo r in a te d  m a te ria l (so lid  lin e ):
1. T h e  m o d e  a s so c ia te d  w ith  th e  a ro m a tic  b a c k b o n e  e th e r  lin k a g e  ( a t  8 .3  p m  in  B P A M C ) 
sh ifts  t o  s h o r te r  w a v e le n g th . I t  is  th o u g h  th a t  th is  is  d u e  to  a n  in c re a se  in  th e  e n e rg y  o f  
th e  C -O  s tre tc h  a b o u t th e  tr ia z in e  a s  a  r e s u lt  o f  in c re a se d  s te r ic  re p u ls io n  b e tw e e n  th e  
c h lo r in e s  a n d  th e  tr ia z in e  r in g  sy s tem .
2. T h e  s e c o n d  im p ro v e m e n t is in  th e  r e g io n  b e tw e e n  9  an d  11 p m . T h e  b a n d s  v is ib le  in  
th is  r e g io n  o f  th e  s p e c tru m  o f  B P A M C  a re  p r im a rily  d u e  to  C -H  in -p la n e  d e fo rm a tio n s  
c o r re la te d  w ith  a  v a r ie ty  o f  r in g  m o d e s . T e tra c h lo ro b is p h e n o l-A  h a s  n o  a d ja c e n t 
h y d ro g e n s  h e n c e  all in -p la n e  m o d e s  w h ic h  in v o lv e  th e  c o r re la te d  m o tio n  o f  a d ja c e n t 
h y d ro g e n s  m o d e s  sh o u ld  n o t  b e  o b se rv e d . T h is  is  v e ry  n o tic e a b le  in  th e  c a s e  o f  th e  
s tro n g  m o d e  a t 9 .8  p m  w h ic h  is  a p p a re n t  in  th e  B P A M C  s p e c tru m  b u t  a b s e n t in  th a t  o f  
C U B P A M C .
3. T h e  fin a l im p ro v e m e n t is  th e  r e d u c t io n  o f  th e  n u m b e r  o f  b a n d s  in  th e  v ic in ity  o f  12 p m . 
T h e  v e ry  s tro n g  C -H  o u t-o f -p la n e  m o d e  a t  1 1 .8  -  11 .9  p m  in  B P A M C  is  a b se n t in  
CI4B P A M C . N o rm a l m o d e s  c a lc u la t io n s  u s in g  P M 3  f o r  so m e  m o d e l c o m p o u n d s  
su g g e s ts  th a t  th is  is b e c a u s e  th e  m o d e  a t  11.8 p m  in v o lv e s  th e  c o r re la te d  o u t-o f -p la n e  
m o tio n  o f  tw o  a d ja c e n t h y d ro g e n s . T h e  p e a k  a t  11 .5  p m  w h ic h  is  a p p a re n t  in  b o th  
s p e c tr a  c o r re s p o n d s  t o  a  m o d e  in v o lv in g  th e  o u t-o f-p la n e  d e fo rm a tio n  o f  in d iv id u a l 
r in g  h y d ro g e n s .
6 .6 .2 .  F T I R  o f  t e r p o l y ( m e th o x y - c y a n u r a te ) s  o f  b is p h e n o l- A  a n d  
t e t r a c h l o r o b i s p h e n o l - A
T h e  I R  s p e c tr a  o f  th e  m a te r ia ls  o b ta in e d  b y  th e  te rp o ly m e r isa tio n  o f  b isp h e n o l-A  , 
te tra c h lo ro b is p h e n o l-A  a n d  M D C T  c a n  b e  s e e n  in  F ig u re  6 .4 a n d  F ig u re  6 .5 . In s p e c tio n  o f  
th e s e  s p e c tr a  sh o w s  th a t  th e  g ra d u a l  in c o rp o ra t io n  o f  m o re  c h lo rin a te d  m o n o m e r  re d u c e s  
th e  in te n s it ie s  o f  th e  b a n d s  a s s o c ia te d  w ith  C - H  d e fo rm a tio n s . B e tw e e n  3 a n d  5 p m  th is
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c o r r e s p o n d s  to  a  re d u c t io n  in  th e  in te n s ity  o f  th e  a ro m a tic  C -H  s tre tc h in g  m o d e  a t  3 .4 5  
p m . T h e  b e n e f its  a f fo rd e d  b y  th e  u s e  o f  th e  c h lo r in a te d  m o n o m e r  d e s c r ib e d  a b o v e  f o r  
C LJB PA  s e e m  to  b e  q u ite  lim ite d  f o r  th e  te rp o ly m e rs . T h e  o n ly  re g io n  in  w h ic h  a n  
im p ro v e m e n t is  v is ib le  is  th e  r e d u c t io n  in  in te n s ity  o f  th e  b a n d  a t 9 .8  p m  w h ic h  is  o b s e rv e d  
a s  th e  p ro p o r t io n  o f  c h lo r in a te d  m a te r ia l in  th e  p o ly m e rs  is in c re a se d .
T h is  c a n  b e  e x p la in e d  b y  re c a llin g  th e  B e e r -L a m b e r t  la w  re la tin g  t r a n s m itta n c e  t o  
c o n c e n tra t io n .  T ra n s m itta n c e  d ro p s  o f f  e x p o n e n tia lly  w ith  b o th  c o n c e n tra t io n  a n d  
p a th le n g th . C o n s id e r in g  th e  s e t o f  m a te r ia ls  C U B P A M C , B P A M C  a n d  te rp o ly m e rs  A l  t o  
A 5  th e re  is  a  ra n g e  o f  c o m p o s it io n s  f ro m  0 to  1 0 0 %  h a lo g e n a te d  m o n o m e r  c o n te n t.  I n  
g o in g  f ro m  7 5 %  h a lo g e n a te d  m o n o m e r  c o n te n t  t o  2 5 %  th e re  is  lit t le  c h a n g e  in  th e  
in te n s it ie s  o f  th e  m a jo r ity  o f  s t ro n g  b a n d s . T h is  h ig h lig h ts  a n  in te re s tin g  p o in t  a b o u t  
d e s ig n in g  m a te r ia ls  w ith  ta i lo re d  in f ra re d  o p tic a l p ro p e r t ie s .  W h e n  c o n s id e r in g  m ix tu re  o f  
tw o  m a te r ia ls  o n e  w h ic h  h a s  a  s t ro n g e r  a b s o rp tio n  c o e ffic ie n t th a n  th e  o th e r ,  th e  
tr a n s m it ta n c e  o f  th e  m ix tu re  w ill b e  m u c h  m o re  se n s itiv e  to  th e  c o n c e n tra tio n  o f  th e  
s tro n g ly  a b s o rb in g  m a te r ia l a t  c o m p o s itio n s  c lo s e  to  100%  o f  th e  le s se r  a b s o rb in g  
m a te r ia l.
Wavelength (fun)
F ig u re  6 .4  I R  S p e c tra  o f  C h lo r in a te d  b isp h en o l-A  m e th o x y  c y a n u ra te s  b e tw een  2 .5  a n d  5  p m
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Wavelength (um)
F ig u re  6 .5  I R  s p e c tra  o f  c h lo rin a te d  b isp h en o l-A  m e th o x y -c y a n u ra te s  b e tw een  5  a n d  15 p m
6.7. TGA o f Halogenated Poly (methoxy-cyanurates) o f Bisphenol-A
A ll o f  th e  h a lo g e n a te d  p o ly m e rs  w e r e  a n a ly se d  b y  T G A  u n d e r  n i tro g e n  p r io r  to  an a ly sis  b y  
D S C . A  h e a tin g  r a te  o f  2 0  K .m in "1 a n d  a  f lo w ra te  o f  5 0  cm 0.m in"1 o f  n i tro g e n  w a s  u s e d  fo r  
th e  T G A  an a ly ses . T h e  T G A  c u rv e s  c a n  b e  s e e n  in  F ig u re  6.6  a n d  a re  p re s e n te d  in  ta b u la r  
fo rm  in  T a b le  6 .3 .
TGA
%
Temp[C]
F ig u re  6 .6  T G A  cu rv es fo r  h a lo g e n a te d  p o ly (m e th o x y -c y an u ra te )s  o f  b isp h en o l-A
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T a b le  6 .3  T G A  A nalysis  o f  h a lo g en a ted  p o ly (m e th o x y -c y an u ra te )s  o f  b isp h en o l-A
P o ly m e r T j%
( ° C )
t 2%
C C )
t 3%
C Q
T$%
C Q
Tio%
C Q
T 2o%
C Q
Tnuuc
C Q
%  R e s id u e  
a t  4 9 0  ° C
B r4B P A M C 182 254 309 3 5 2 380 409 402,422 39
B ^ P A l 154 175 195 283 352 382 393 41
Br4BPA2 169 189 212 306 368 394 404 43
C U B PA M C 239 272 319 359 382 402 417 44
A l 175 206 314 353 373 386 385 40
A2 138 144 151 168 359 385 382 43
A3 160 170 187 345 375 395 401 49
A 4 214 254 324 358 372 390 391 49
A5 235 272 332 356 372 393 396 50
A l l  m e a s u re m e n ts  u s e d  a  h e a t in g  r a te  o f  2 0  K . m i n 1 u n d e r n itro g e n  w ith  a  f lo w r a te  o f  5 0  c n t .m ir i1.
F ig u re  6.6  a n d  T a b le  6 .3  sh o w  th a t  th e re  is  l i t t le  v a r ia t io n  in  th e  th e rm a l s ta b ili ty  o f  th e  
p o ly m e rs  a s  a  fu n c tio n  o f  h a lo g e n  c o n te n t.  A ll th e  m a te r ia ls  ex h ib it a  s lig h t w e ig h t lo ss  in  
th e  v ic in ity  o f  150 °C  a n d , a s  w ith  th e  m a te r ia ls  d e s c r ib e d  in  c h a p te r  4 , th is  is  a t tr ib u te d  to  
th e  lo s s  o f  o c c lu d e d  so lv e n t. T h e  c h a r  y ie ld s  o f  th e  h a lo g e n a te d  m a te r ia ls  a r e  1 0 %  lo w e r  
th a n  th e  u n h a lo g e n a te d  sy s tem s. T h e  te tr a h a lo g e n a te d  m a te r ia ls  a re  o f te n  u s e d  a s  f lam e  
r e ta r d a n ts  a s  th e y  e v o lv e  h a lo g e n a te d  c o m p o u n d s  a t  h ig h  te m p e ra tu re s  w h ic h  e x tin g u ish  
f la m e s . I t  m ig h t, th e re fo re ,  b e  e x p e c te d  fo r  th e s e  m a te r ia ls  to  d e c o m p o s e  a b o v e  ty p ic a l 
f la m e  te m p e ra tu re s  (> 3 5 0  °C ).
6.8. DSC o f Halogenated Poly(methoxy-cyanurate)s o f Bisphenol-A
T h e  tw o  c o p o ly m e rs  o f  th e  te tr a h a lo g e n a te d  b isp h e n o ls  w ith  M D C T  a n d  th e  te rp o ly m e rs  
c o n ta in in g  th e  te tra b ro m in a te d  m o n o m e r  d id  n o  e x h ib it an y  n o ta b le  th e rm a l e v e n ts  
id e n tif ia b le  b y  D S C  u p o n  h e a tin g  to  3 0 0  °C . I t  is p re s u m e d  th a t  th is  is  p r im a rily  d u e  to  th e  
lo w  m o le c u la r  w e ig h ts  o f  th e  h ig h ly  h a lo g e n a te d  m a te ria ls . T h e  m a te r ia ls  c o n ta in in g  a
a Temperature of maximum weight loss determined from first derivative of weight loss curve
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h ig h e r  p e rc e n ta g e  o f  b isp h e n o l-A  re a c h  h ig h e r  m o le c u la r  w e ig h ts  a n d  ex h ib it s im ila r 
th e rm a l b e h a v io u r  t o  th e ir  u n h a lo g e n a te d  a n a lo g u e s . T h e  D S C  c u rv e s  f o r  th e  te rp o ly m e r  
sa m p le s  A l  to  A 5  c a n  b e  s e e n  in  F ig u re  6 .7  a n d  F ig u re  6.8  a n d  th e  th e rm a l e v e n ts  
id e n tif ie d  o n  th e s e  c u rv e s  a re  ta b u la te d  in  T a b le  6 .4 .
T a b le  6 .4  T h e rm a l even ts d u r in g  D S C  analysis fo r  h a lo g e n a te d  p o ly (m e th o x y -c y an u ra te )s  o f  
b isp h en o l-A
Id e n t i f ie r Tgi
( ° C )
T ’ip
( °C )
T ip
(° C )
TP
C O
Tep
C O
T ’ep
C O
A H p
a g 1)
A H p
( k J .m o l1)
TS2
r o
A l - 155 190 222 255 286 140 56.6 2 0 7
A2 115 170 189 229 262 262 140 53.4 215
A3 - 154 179 231 253 268 140 51.8 215
A4 - 144 187 226 258 282 84 35.9 220
A5 - 164 226 245 266 284 37 16.2 230
A  k in e tic  t r e a tm e n t  o f  th e  D S C  c u rv e s  a c c o rd in g  to  th e  m e th o d  o f  S u n  e t  a l 144. g a v e  th e  
A rrh e n iu s  p lo ts  s h o w n  in  F ig u re  6 .9 . T h e  lim its  f o r  th e  lin e a r  re g re s s io n  w e re  c h o s e n  b y  
th e  sa m e  m e th o d  a s  d e ta ile d  in  c h a p te r  4 . T h e  r e s u l ts  o f  th is  k in e tic  a n a ly s is  c a n  b e  s e e n  in  
T a b le  6 .5 . T h e  p e rc e n ta g e  A H  c o lu m n  in  th e  ta b le  g iv e s  th e  p e r c e n ta g e  o f  th e  to ta l  
e x o th e rm  p e a k  a r e a  w h ic h  is  o b ta in e d  b y  in te g ra tio n  b e tw e e n  lim its  c o r re s p o n d in g  to  th e  
s e c tio n  o f  th e  A rrh e n iu s  p lo t  w h ic h  f its  th e  f irs t o r d e r  m o d e l.
T a b le  6 ,5  A rrh e n iu s  p a ra m e te rs  f ro m  k in e tic  an a ly sis  o f  D S C  d a ta  f o r  c h lo rin a te d  
co po ly (m ethoxy  c y a n u ra te )s  o f  B P A
P o ly m e r L o w e r
T e m p
U p p e r
T e m p
% g e
A H
i ?2 E a
k J . m o l 1
A l 190 254 95 0.994 213
A2 189 270 95 0.994 187
A3 177 252 97 0.942 195
A4 187 258 90 0.981 158
A5 226 253 68 0.983 203
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DSC
mW/mg
Temp[C]
F ig u re  6 .7  D S C  C u rv e s  o f  h a lo g en a ted  p o ly (m e th o x y -c y an u ra te )s  o f  b isp h en o l-A  on  h ea tin g  
f ro m  am b ie n t to  30 0  °C
DSC
mW/mg
Temp[C]
F ig u re  6.8 G lass  tra n s i tio n s  te m p e ra tu re s  o f  h a lo g e n a te d  p o ly (m e th o x y -c y an u ra te )s  o f 
b isp h e n o l-A  a f te r  h e a tin g  to  300  °C  m e a su re d  by  D S C
A p p a re n t g la s s  tra n s i t io n s  o r  so f te n in g  tr a n s i t io n s  a re  o b se rv e d  fo r  s a m p le s  A 2  a n d  A 3 
w h ic h  h a v e  th e  lo w e s t  h a lo g e n  c o n te n ts .  T h is  c o u ld  in d ic a te  th a t  in c re a s in g  th e  d e g re e  o f  
h a lo g e n a tio n  o f  th e  b a c k b o n e  re s u lts  in  a  m o r e  r ig id  sy s te m  w h ic h  e x h ib its  a  w e a k e r  g la ss  
tra n s itio n . F ig u re  6 .7  s h o w s  th a t  a s  th e  a m o u n t o f  c h lo rin a te d  m o n o m e r  is  in c re a se d , th e  
s tr e n g th  o f  th e  o b s e rv e d  e x o th e rm  d ro p s . I t  is  in te re s tin g  to  n o te  th a t  d e s p ite  th e  fa c t  th a t  
all o f  th e  h a lo g e n a te d  p o ly m e rs  a re  in  e f fe c t o lig o m e r ic , th e  e n th a lp ie s  f o r  sa m p le s  A l ,  A 2  
a n d  A 3 a r e  all v e ry  s im ila r t o  th o s e  o b ta in e d  in  th e  D S C  a n a ly se s  o f  th e  m a te ria ls
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sy n th e s ise d  in  c h a p te r  4 . T h e s e  sa m p le s  h a d  s ig n ific an tly  h ig h e r  m o le c u la r  m a ss  a v e ra g e s  
th a n  a n y  o f  th e  h a lo g e n a te d  p ro d u c ts .  T h is  is  su rp ris in g  a s , in  c h a p te r  5 , d iffe re n c e s  in  
m o le c u la r  w e ig h t d is tr ib u tio n s  w e r e  sh o w n  q u a lita tiv e ly  to  h a v e  a  m a rk e d  e ffe c t o n  th e  
e n e rg e tic s  an d  k in e tic s  o f  c ry s ta llisa tio n . T h e se  r e s u lts  le n d  f u r th e r  c re d e n c e  to  th e  
h y p o th e s is  p re s e n te d  e a r lie r  th a t  th e  e x o th e rm  m a y  n o t  b e  d u e  t o  a  s im p le  c ry s ta llisa tio n  
p ro c e s s .
A  n o ta b le  d if fe re n c e  b e tw e e n  th e  A  se rie s  te rp o ly m e rs  a n d  B P A M C  is  th e  a c tiv a tio n  
e n e rg y  a s so c ia te d  w ith  th e  e x o th e rm  o b se rv e d  in  th e  f irs t  h e a tin g  ru n . B P A M C  sh o w e d  a  
m u c h  lo w e r  a c tiv a tio n  e n e rg y  (1 2 0  k J .m o l '1)  th a n  a n y  o f  th e  te rp o ly m e rs  (m in im u m  158 
k J .m o f 1). H o w e v e r , g iv e n  th e  v a s t  d if fe re n c e  in  th e  m o le c u la r  w e ig h ts  o f  th e  m a te r ia ls  it 
w o u ld  n o t b e  v a lid  to  m a k e  a n y  s ta te m e n t a b o u t th e  e ffe c t th a t  th e  in c o rp o ra t io n  o f  th e  
b u lk y  te tra c h lo ro b is p h e n o l-A  g ro u p s  h a v e  o n  th e  o rd e r in g  o r  re la x a tio n a l b e h a v io u r  o f  th e  
p o ly m e rs .
O n  th e  se c o n d  h e a tin g  ru n  all o f  th e  m a te r ia ls  ex h ib it s im ila r g la s s  tr a n s i t io n s  b e tw e e n  200 
a n d  220  °C . W ith o u t th e  u s e  o f  m o d u la te d  D S C  it  is  v e ry  d ifficu lt to  a s s e s s  w h e th e r  th e  
g la s s  tra n s i tio n  a p p a re n t o n  th e  s e c o n d  h e a tin g  ru n  w a s  m a sk e d  b y  th e  e x o th e rm s  o n  th e  
f irs t  ru n  o r  w h e th e r  it  is  in  fa c t lin k e d  to  a  p h a s e  fo rm e d  d u r in g  th e  p r o c e s s  w h ic h  g iv e s  
r ise  to  th e  e x o th e rm .
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y=-2Sff7Sc+51S2I
y=-2351«c+4&CB8
=09417
00018 Q0019
00017 00018 Q0019 0002 00021 Q0Q22 Q0Q23
l/T(Rsaprocal pawn)
0002 Q0021 OOQ22 00023 00021
17T(Raprocdkiitn)
1/T(rcaptad I4hir\)
F ig u re  6.9 A rrh e n iu s  p lo ts  o f  d a ta  f ro m  D S C  analyses o f  c h lo rin a te d  copo ly (m ethoxy - 
c y a n u ra te )s  o f  b isp h e n o l-A
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6.9. Elemental Analysis o f Halogenated Poly(methoxy-cyanurate)s o f 
Bisphenol-A
A fte r  p u r if ic a tio n  b y  p re c ip ita t io n  a n d  d ry in g  a t 80  °C  u n d e r  v a c u u m  f o r  2 4  h o u r s  th e  
sa m p le s  c h lo r in a te d  te rp o ly m e rs  w e r e  su b m itte d  f o r  e lem e n ta l (C H N )  ana ly sis . T h e  
re s u lts  c a n  b e  s e e n  in  T a b le  6 .6 .
T a b le  6 .6  E le m en ta l (C H N ) an a ly s is  o f  h a lo g en a ted  co p o ly (m eth o x y -cy an u ra te )s  o f 
b ispheno l-A
S a m p le A l A 2 A 3 A 4 A S
F o r m u l a C38H3oN60 6Cl4 C57H47N9O9CI4 C76H 54N12O12CI4 C57H43N90 9C18 CselfigN 12O12CI] 2
Calc. (Obs.) Calc. (Obs.) Calc. (Obs.) Calc. (Obs.) Calc. (Obs.)
% w t  C a r b o n 56.45 (57.00) 59.85 (61.31) 61.71 (62.26) 53.42 (53.82) 52.02 (51.21)
% w t  H y d r o g e n 3.74 (3.89) 4.14 (4.83) 4.36 (4.63) 3.38 (3.46) 3.22 (2.98)
% w t  N it r o g e n 10.40 (9.54) 11.02 (9.74) 11.36 (10.41) 9.84 (9.02) 9.58 (9.00)
C / N  R a t io 5.43 (5.98) 5.43 (6.29) 5.43 (5.98) 5.43 (5.97) 5.43 (5.69)
C / H  R a t i o 15.09 (14.67) 14.45 (12.69) 14.15 (13.45) 15.80 (15.58) 16.17 (17.18)
N / H R a t i o 2.78 (2.45) 2.66 (2.02) 2.61 (2.25) 2.91 (2.61) 2.98 (3.02)
T h e  e lem e n ta l a n a ly se s  o f  a ll o f  th e  p o ly m e rs  a re  in  a g re e m e n t w ith  th e o ry  w ith in  
a c c e p ta b le  lim its  g iv e n  th e  p u r i ty  o f  th e  s ta r t in g  m a te r ia ls . A ll o f  th e  s a m p le s  c o n ta in  
m o r e  c a rb o n  a n d  h y d ro g e n  th a n  w o u ld  b e  e x p e c te d  f o r  th e  id e a l p o ly m e rs  a n d  th e  
n i tro g e n  c o n te n ts  a r e  u n iv e rsa lly  lo w e r  th a n  w o u ld  b e  e x p e c te d . T h is  c o u ld  b e  
in d ic a tiv e  o f  c e r ta in  a m o u n t o f  h y d ro ly s is  o f  th e  d ic h lo ro tr ia z in e  to  y ie ld  th e  m e th o x y -  
c y a n u r ic  a c id , re d u c in g  th e  in c o rp o r a t io n  o f  n itro g e n  c o n ta in in g  m o n o m e r  in to  th e  
p o ly m e r  cha in . H o w e v e r ,  h y d ro ly s is  w o u ld  n o t  a p p e a r  to  b e  th e  m a jo r  c o n tr ib u to ry  
f a c to r  to  th e  im p u r ity  o f  th e  s a m p le s  a s  it  w o u ld  r e s u lt  in  a  C /H  r a t io  lo w e r  th a n  
th e o ry . In  p ra c t ic e  th e  o p p o s i te  is  o b se rv e d . T h e s e  e le m e n ta l a n a ly se s  d o  n o t  
c o n tra d ic t  th e  s u g g e s tio n  th a t  th e  p o ly m e rs  m a y  still c o n ta in  a  sm a ll a m o u n t o f  
o c c lu d e d  so lv e n t a s  w a s  s u g g e s te d  b y  th e  e a r ly  w e ig h t lo s s  n o te d  in  th e i r  T G A  cu rv e s . 
O n  th e  a s su m p tio n  th a t  th e r e  is  m o re  th a n  o n e  s o u rc e  o f  d e v ia tio n  f ro m  th e  id e a l 
c o m p o s itio n , a  r ig o u ro u s  e n d -g ro u p  a n a ly s is  b a s e d  o n  e le m e n ta l a n a ly s is  c o u ld  n o t  b e  
ju s t if ie d  w ith o u t  fu r th e r  s u p p o r tin g  ev id e n c e .
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6.10. Conclusions from the Study o f Halogenated, Aromatic 
Poly(cyanurate)s
T h e re  a re  a  n u m b e r  o f  p o in ts  w h ic h  h a v e  b e e n  b ro u g h t  to  lig h t in  th is  se c tio n . F irs tly , 
th e  u s e  o f  h a lo g e n a tio n  in  th e  m o d if ic a tio n  o f  I R  a b s o rp tio n s  a s s o c ia te d  w ith  
d e fo rm a tio n  o f  C -H  u n its  is  n o t  a s  s tr a ig h tfo rw a rd  a s  w a s  o rig in a lly  a s su m e d . T h e  
sp e c tra l b e h a v io u r  o f  th e  m a te r ia l  is  p re d ic ta b le  u s in g  av a ila b le  l i te ra tu re , a s  lo n g  a s  th e  
e x p o n e n tia l n a tu re  o f  th e  re la t io n s h ip  b e tw e e n  a b s o rb a n c e  a n d  c o n c e n tra t io n  is  ta k e n  
in to  a c c o u n t. T h e  u s e  o f  a  te tr a c h lo r in a te d  b isp h e n o l in  th e  p o ly m e r isa tio n  h a s  b e e n  
sh o w n  to  im p ro v e  c e r ta in  a s p e c ts  o f  th e  I R  s p e c tru m  q u ite  m a rk e d ly , n o ta b ly  sh iftin g  
th e  8.3 p m  c y a n u ra te  m o d e  to  8 .0  p m  a n d  e lim in a tin g  th e  a d ja c e n t r in g  h y d ro g e n  C -H  
o u t-o f-p la n e  d e fo rm a tio n  a t  11.8  p m .
H o w e v e r , th e re  a re  a  n u m b e r  o f  p ro b le m s  a s s o c ia te d  w ith  u s e  o f  s te ric a lly  b u lk y  a to m s  
su c h  a s  c h lo rin e  o r  b ro m in e  in  a ro m a tic  sy s te m s . B r it t le  m a te r ia ls  h a v e  b e e n  s h o w n  to  
re s u lt  f ro m  th e  in c o rp o ra t io n  o f  h ig h ly  h a lo g e n a te d  b a c k b o n e  u n its  in to  p o ly (m e th o x y -  
c y a n u ra te )s . T h is  is  in  k e e p in g  w i th  th e  f in d in g s  o f  B ra u n  a n d  Z is e r138. S in ce  th e  u s e  o f  
h ig h ly  c h lo rin a te d  m o n o m e rs  h a s  a  d e le te r io u s  e ffe c t o n  th e  m e c h a n ic a l p ro p e r t ie s  o f  
th e  re su lt in g  p o ly m e rs , th e i r  u s e  is  n o t  a  p ra c tic a l w a y  o f  im p ro v in g  th e  sp e c tra l 
c h a ra c te r is tic s  o f  lin e a r  a ro m a tic  c y a n u ra te  p o ly m e rs . R e d u c in g  th e  h a lo g e n  c o n te n t  o f  
th e  p o ly m e rs  m a y  im p ro v e  th e  p h y s ic a l p r o p e r t ie s  s lig h tly  b u t  th e  h a lo g e n  c o n te n t  o f  
th e  p o ly m e r  w o u ld  h a v e  to  b e  r e d u c e d  b e lo w  a  level a t  w h ic h  th e re  is  an y  b e n e f it in  
te rm s  o f  sp e c tra l t r a n s p a re n c y  to  o b ta in  a  m a te r ia l w ith  a c c e p ta b le  res ilien c e . T h e se  
p ro b le m s  w ith  b r itt le n e s s  a n d  p o o r  t r a n s p a re n c y  a re  e n c o u n te re d  a t d if fe re n t e n d s  o f  
th e  p o ly m e r  c o m p o s itio n  sc a le  a n d  a re , a s  a  re su lt ,  ir re c o n c ila b le . T h is  h a s  se rio u s  
im p lic a tio n s  f o r  th e  c h o ic e  o f  m a te r ia ls  in  f u tu re  s tu d ie s  a s  it m e a n s  th a t  c h lo rin a tio n  
c a n  n o t  b e  u s e d  to  a t te n u a te  th e  e m itta n c e  d u e  to  th e  a ro m a tic  b a n d s  e n c o u n te re d  in  a  
w id e  ra n g e  o f  p o ly m e rs . P u t t in g  th is  p ro b le m  a s id e , in  c h a p te r  8 , th e  p ro je c t  c o n tin u e s  
to  a d d re s s  o th e r  p ro b le m a tic  I R  b a n d s  a s s o c ia te d  w ith  th e  c y a n u ra te  s tru c tu ra l  r e p e a t  
u n it. C h a p te r  7 , m e a n w h ile  a d d re s s e s  th e  p ro b le m  o f  e m b rittle m en t.
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7.1. Aims of This Section
A ll o f  th e  p o ly m e rs  p re s e n te d  in  c h a p te r  4  s u f fe re d  e m b rittle m e n t u p o n  h e a tin g  to  3 0 0  °C . 
I t  w a s  a s su m e d  th a t  th is  b r it t le n e s s  w a s  d u e  to  s o m e  fo rm  o f  c ry s ta llis a tio n  o r  a  c h a n g e  in  
th e  a m o rp h o u s  f ra c tio n  o f  th e  p o ly m e r . O n  th e  g ro u n d s  o f  th e  k n o w n  s tab ility  o f  th e  
a ro m a tic -c y a n u ra te  e th e r  lin k a g e , it w a s  a s s u m e d  th a t  d e g ra d a tio n  o f  th e  p o ly m e rs  w a s  
n o t  b e in g  e n c o u n te re d . C o n fo rm a tio n a l e n e rg y  p lo ts  w e re  p re s e n te d  in  c h a p te r  5 sh o w e d  
th a t  th e  b a c k b o n e  o f  b is p h e n o l-A  (B P A )  u n it  is  m o re  rig id  th a n  th o s e  o f  d ih y d ro x y -  
d ip h e n y l e th e r  (D H P E )  a n d  d ih y d ro x y -b e n z o p h e n o n e  (D H B P ). S ta r tin g  f ro m  th e  
h y p o th e s is  a d o p te d  b y  o th e r  g r o u p s  th a t  h a v e  w o rk e d  w ith  p o ly (m e th o x y -c y a n u ra te )s  
w h ic h  p o s tu la te s  th a t  th e y  c ry s ta llis e  o n  h e a tin g  t o  3 0 0  °C , th is  s e c tio n  a im s to  d e te rm in e  
w h e th e r  o r  n o t  th e  ra n d o m  in c o rp o r a t io n  o f  tw o  d if fe re n t b isp h e n o ls  in to  th e  b a c k b o n e s  o f  
th e  p o ly m e rs  b y  ra n d o m  te rp o ly m e r is a tio n  w ith  M D C T  w ill r e s u lt  in  m a te r ia ls  w ith  a  
lo w e r  te n d e n c y  to  c ry s ta llise  th a n  th e i r  p a r e n t  c o p o ly m e rs .
7.2 Terpolymerisation o f Aromatic Bisphenols with MDCT
In  th e  c o u rse  o f  th is  in v e s tig a tio n  tw o  s e r ie s  o f  te rp o ly (m e th o x y -c y a n u ra te ) s  a re  m a d e  b y  
th e  re a c tio n  o f  D H P E  a n d  e i th e r  B P A  o r  D H B P  w ith  M D C T . D e ta ils  o f  th e  te rp o ly m e rs  
p r e p a re d  c a n  b e  se e n  in  T a b le  7 .1  a n d  F ig u re  7 .1 . T h e  s im p le  ‘p a r e n t  ’ c o p o ly m e rs  o f  e a c h  
b isp h e n o l w e r e  sy n th e s ise d  in  c h a p te r  4  a n d  n o  p ro b le m s  w ith  so lu b ility  w e re  e n c o u n te re d  
w h e n  d ic h lo ro m e th a n e  w a s  u s e d  a s  th e  o rg a n ic  p h a se . W ith  th is  in  m in d , d ic h lo ro m e th a n e  
w a s  ch o se n  a s  th e  o rg a n ic  p h a s e  fo r  th e  tw o  se rie s  o f  te rp o ly m e rs  p re s e n te d  in  th is  
se c tio n . T h e  c o m p o s itio n  o f  th e  p o ly m e rs  w a s  v a r ie d  a c c o rd in g  to  th e  ra t io s  d e s c r ib e d  in  
t h e  sc h e m a tic  o n  p a g e  173 (F ig u re  7 .1).
T h e  p o ly m e risa tio n s  w e r e  c a r r ie d  o u t  u n d e r  id e n tic a l c o n d itio n s  t o  th o s e  e m p lo y e d  in  
c h a p te r  6 a t  3 0  °C . A  d ic h lo ro m e th a n e  /  w a te r  in te rfa c ia l sy s tem  w ith  a  P V R  o f  0 .2 5  w a s  
u s e d  in  e a c h  c a se  w ith  C e tr im id e  a s  th e  P T C . E a c h  p o ly m e r  w a s  re c o v e re d  f ro m  th e  
re a c t io n  m ix tu re  b y  e v a p o ra tio n  o f  th e  o rg a n ic  p h a s e  a n d  w a s  p u r if ie d  b y  p re c ip ita tio n  
f ro m  a  so lu tio n  in  d ic h lo ro m e th a n e  in  h e x a n e  to  y ie ld  o ff-w h ite  p o ly m e r ic  p o w d e rs . T h e  
sa m p le s  w e re  th e n  d ried  a t  8 0  °C  u n d e r  v a c u u m  f o r  2 4  h o u rs  p r io r  t o  ana ly sis .
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Series B
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OMe
f eO , v N N
? W f e o A f e
F ig u re  7.1 S tru c tu re  o f  te rp o iy (m e th o x y -c y a n u ra te )s  d e s c r ib e d  in  th is  c h a p te r
T a b le  7.1 A ro m atic  te rp o ly (m e th o x y -c y a n u ra te )s  p r e p a re d  b y  p h ase  tra n s fe r  p o ly m e risa tio n
I d e n t i f i e r B is p h e n o l  1 B is p h e n o l2 P o ly m e r C o m m e n ts
(m o la r  r a t io  to ( m o la r  r a t io  to Y ie ld
M D C T ) M D C T ) ( %  th e o r )
B1 DHPE (0.5) BPA (0.5) 89 forms good films
B2 DHPE (0.67) BPA (0.33) 89 could not isolate films (brittle)
B3 DHPE (0.75) BPA (0.25) 88 forms good films
B4 DHPE (0.33) BPA (0.67) 89 forms good films
B5 DHPE (0.25) BPA (0.75) 90 could not isolate films (brittle)
C l DHPE (0.50) DHBP (0.5) 89 forms good films
C2 DHPE (0.67) DHBP (0.33) 92 forms very good films
C3 DHPE (0.75) DHBP (0.25) 84 forms fragile films
C4 DHPE (0.33) DHBP (0.67) 93 could not isolate films (brittle)
C5 DHPE (0.25) DHBP (0.75) 90 could not isolate films (brittle)
A ll o f  t h e  p o ly m e rs  fo rm e d  w e r e  so lu b le  in  d ic h lo ro m e th a n e  a n d  g a v e  v is c o u s  so lu tio n s  
w h ic h  c o u ld  b e  c a s t a s  film s. H o w e v e r ,  sa m p le s  B 2 , B 5 , C 4  a n d  C 5 w e r e  to o  b r itt le  to  b e  
re m o v e d  f ro m  g la ss  p la te s  a s  f re e  s ta n d in g  film s. T h e s e  so lu tio n s  w e re  le ss  v is c o u s  th a n  
th o s e  o f  th e  m a te r ia ls  w h ic h  fo rm e d  re s il ie n t film s. A tte m p ts  t o  r e p e a t  th e s e  
p o ly m e r isa tio n s  fa iled  t o  g iv e  m o r e  re s is ta n t m a te r ia ls . A ll sa m p le s  w e re  a n a ly se d  b y  G P C , 
T G A  a n d  D S C .
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7\ 3. GPC o f Terpoly(methoxy-cyanurate)s
E a c h  o f  th e  p o ly m e rs  fo rm e d  w a s  a n a ly se d  b y  G P C  a t 60  °C , u s in g  N - N -d im e th y l-  
a c e ta m id e  (D M A c .)  c o n ta in in g  1%  lith iu m  c h lo r id e  a s  th e  so lv e n t. T h e  sa m p le s  w e re  
in je c te d  a s  0 . 1%  so lu tio n s  in  D M A c . T h e  r e s u l ts  o b ta in e d  a re  su m m a rise d  in  T a b le  7 .2 . 
T h e  M n v a lu e s  h a v e  b e e n  u s e d  to  c a lc u la te  th e  n u m b e r  a v e ra g e  d e g re e  o f  p o ly m e risa tio n  
( x f i  a n d  th e  e x te n ts  o f  m o n o m e r  c o n v e rs io n  ( p )  f o r  e a c h  p o ly m e r. T h e  m o le c u la r  w e ig h t 
d is tr ib u tio n s  c a n  b e  se en  in  F ig u re  7 .2  a n d  F ig u re  7 .3 . T h e re  w a s  n o  s ig n  o f  re s id u a l 
m o n o m e r  in  th e  G P C  c h ro m a to g ra m s .
T a b le  7 .2  M o lecu la r-w eig h t a v e rag es  f o r  te rp o !y (m e th o x y -c y an u ra te )s  o f  D H P E , B P A  a n d  
D H B P  m e a su re d  b y  G P C
N a m e  M „  M p M w M z M z+1 M w /  M n x n p
(D a l to n s )  (D a l to n s )  (D a l t o n s )  ( D a l t o n s )  (D a l to n s )
B I 7000 18000 22000 42000 63000 3.14 43 0.977
B2 2000 3000 5000 10000 16000 2.50 13 0.920
B3 12000 26000 30000 52000 74000 2.50 76 0.986
B4 9000 24000 32000 71000 115000 3.55 55 0.982
C l 8000 15000 20000 34000 48000 2.43 51 0.980
C2 33000 59000 129000 355000 679000 3.91 211 0.995
C3 9000 24000 32000 68000 109000 3.72 58 0.983
log(Mw)
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log(Mw)
F ig u re  7 .3  M o le c u la r  m ass d is tr ib u tio n s  o f  se rie s  C  te rp o ly (m e th o x y -cy a n u ra te )s
S a m p le s  B 5 , C 4  a n d  C 5  g a v e  r e s u lts  w h ic h  sh o w e d  th a t  th e ir  m o le c u la r  w e ig h ts  w e re  
b e lo w  th e  re lia b le  lim it o f  th e  d u a l-d e te c tio n  u n iv e rsa l c a lib ra tio n  m e th o d  (  M n <  1 0 0 0 ) .  
T h is  e x p la in s  w h y  re s il ie n t f ilm s o f  th e s e  m a te r ia ls  c o u ld  n o t b e  iso la te d .
T h e  p o ly d is p e rs itie s  f o r  th e s e  m a te r ia ls  a r e  c o n s id e ra b ly  lo w e r  th a n  th o s e  o f  th e  m a te ria ls  
o b ta in e d  in  th e  o rig in a l w o rk  p re s e n te d  in  c h a p te r  4 . A ll th e  p o ly d is p e rs itie s  a re  b e tw e e n  
2  a n d  4 . T h e s e  v a lu e s  a r e  r e a s o n a b le  f o r  s te p -g ro w th  p o ly m e rs  a n d  a re  c o m p a ra b le  to  th e  
p o ly d is p e rs i t ie s  o f  so m e  c o m m e rc ia l s te p -g r o w th  p o ly m e rs . F o r  a n  A -B  s te p -g ro w th  
s y s te m  th e  th e o re tic a l  p o ly d is p e rs ity  a t  1 0 0 %  c o n v e rs io n  is  2 . T h e  im p ro v e m e n t in  
p o ly d is p e rs i ty  d is tr ib u tio n  h a s  b e e n  a t t r ib u te d  to  a n  im p ro v e m e n t in  th e  m e th o d o lo g y  fo r  
th e  p o ly m e r is a tio n  w h ic h  h a s  b e e n  k e p t  c o n s ta n t  th ro u g h  all r e p e a ts  o f  th e  e x p e rim en ts . In  
l ig h t  o f  th is ,  it  is  d ifficu lt t o  a c c o u n t f o r  th e  fa c t th a t  so m e  p o ly m e r is a tio n s  y ie ld  h ig h  
m o le c u la r  w e ig h t m a te r ia ls  ( x n >  2 0 0 )  w h ils t  o th e rs  fail to  p r o d u c e  m o re  th a n  o lig o m e rs  
( x n <  1 5 ) .  T h e  v a r ia b ility  o f  th e  m o le c u la r  w e ig h t a v e ra g e s  d o  n o t  se e m  to  b e  lin k e d  to  th e  
c o m p o s i t io n  o f  th e  p o ly m e r isa tio n  m ix tu re s  a n d  th u s  a  n o n -sy s te m a tic  e ffe c t m u s t b e  in  
o p e ra tio n . F ro m  p e rc e n ta g e  m o n o m e r  c o n v e rs io n s  (p ) ,  c a lc u la te d  f ro m  th e  C a ro th e r ’s 
e q u a t io n  it c a n  b e  s e e n  th a t  th e  d e g re e  o f  c o n v e rs io n  is h ig h  in  all th e  sy stem s. T h e  
o lig o m e r ic  m a te r ia ls  c o r re s p o n d  to  a  m o n o m e r  c o n v e rs io n  o f  9 2 % . I t  is  u su a lly  ta k e n  th a t  
m o n o m e r  c o n v e rs io n  u p w a rd s  o f  9 5 %  is  re q u ire d  to  a t ta in  h ig h  m o le c u la r  w e ig h ts  w ith
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s te p -g ro w th  p o ly m e rs . T h e  im p lic a tio n s  o f  th is  a re  d is c u s se d  in  th e  c o n c lu s io n s  a t  th e  e n d  
o f  th is  c h a p te r .
7.4. TGA o f Terpoly(methoxy-cyanurate)s
T h e  p o ly m e rs  w e r e  a n a ly se d  b y  T G A  b y  h e a tin g  to  4 9 0  °C  u n d e r  n itro g e n . T h e  T G A  
c u rv e s  o b ta in e d  c a n  b e  se e n  in  F ig u re  7 .4  a n d  F ig u re  7 .5  a n d  in  ta b u la r  fo rm  in  T a b le  7 .3 . 
A ll o f  th e  sa m p le s  ex h ib ite d  s im ila r  th e rm a l s ta b ili tie s  an d  u n d e rw e n t a  s lig h t lo s s  o f  
w e ig h t b e tw e e n  th e  te m p e ra tu re s  o f  80  a n d  1 5 0  °C . H e a tin g  th e  sa m p le s  a t 120 °C  f o r  tw o  
h o u rs  b e fo re  ra is in g  th e  te m p e r a tu re  to  4 9 0  °C  re s u l te d  in  n e g lig ib le  w e ig h t lo s s  b e lo w  
te m p e ra tu re s  o f  3 0 0  °C  o n  th e  s e c o n d  s ta g e  o f  h e a tin g . T h is  s u g g e s ts  th a t  th e  f irs t lo s s  o f  
w e ig h t is  n o t  d u e  to  p o ly m e r  d e g ra d a tio n . M e th o d s  su c h  a s  T G A -M S  o r  T G A -IR  w o u ld  
b e  u se fu l in  d e te rm in in g  th e  n a tu r e  o f  th e  v o la tile s  e v o lv e d 65. I f  a  w e ig h t lo s s  g r e a te r  th a n  
3 %  a t  15 0  °C  w a s  o b se rv e d , th e  p o ly m e r  w a s  re -p u r if ie d  b y  r e p e a te d  p re c ip ita tio n . T h e s e  
lo w  te m p e ra tu re  w e ig h t lo sse s  h a v e  b e e n  a t t r ib u te d  t o  th e  re le a se  o f  tr a p p e d  so lv e n t f ro m  
th e  p o ly m e rs  an d  th u s  a re  n o t  c o n s id e re d  s ig n ific a n t in  a s se s s in g  th e  th e rm a l s ta b ility  o f  
th e  m a te ria ls .
TGA
%
Temp[C]
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TGA
%
Temp[C]
F ig u re  7 .5  T G A  cu rv e s  o f  te rp o ly (m e th o x y -c y a n u ra te )s  o f  D H P E  an d  D H B P  u n d e r  n itro g e n
T a b le  7 .3  T G A  an a ly s is  o f  a ro m a tic  te rp o ly (m e th o x y -cy a n u ra te )s  u n d e r  n itro g e n  
(flo w ra te  50  cm 3.m in '1,  h e a tin g  r a te  20  ICm in"1)
P o ly m e r r l%
( ° C )
t 2%
cc)
t 3%
CQ
T s%
C Q
Tio%
(° C )
T 20% 
C Q C Q
%  R e s id u e  
a t  4 9 0  ° C
B1 150 188 350 379 392 407 406 51
B2 118 122 125 130 144 388 408 43
B3 143 155 177 352 384 402 404 48
B4 164 322 356 374 389 403 400 49
B5 68 101 109 115 123 322 407 35
C l 316 350 363 374 387 406 399 59
C2 233 340 354 366 379 396 387 56
C3 341 359 369 379 393 410 406 54
C5 167 293 319 350 372 388 383 55
C5 342 356 363 370 380 397 386 62
a Tx% ~ temperature at which x% weight loss is observed
b Temperature of maximum weight loss determined from first derivative of weight loss curve
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S ig n if ica n t d e g ra d a tio n  o f  all th e  m a te r ia ls  w a s  o b s e rv e d  a t te m p e ra tu re s  a b o v e  3 0 0  °C . 
S a m p le s  B 2  an d  B 5  c o u ld  n o t  b e  fu lly  p u r ifie d  b y  p re c ip ita tio n  a n d  th e i r  lo w e r  th e rm a l 
s ta b ili tie s  a re  a t tr ib u te d  to  th e i r  lo w e r  p u rity . T h e s e  T G A  r e s u l ts  s h o w  th a t  th e  
te rp o ly m e r isa tio n  h a s  v e ry  lit tle  e f fe c t o n  th e  th e rm a l s ta b ility  o f  th e  re s u lt in g  m a te r ia ls  
w h e n  c o m p a re d  w ith  th e  s im p le  c o p o ly m e rs  o f  th e  sa m e  b isp h e n o ls  w ith  M D C T . T h e  
s ta b ili tie s  o b se rv e d  w ith  th e s e  s a m p le s  a re  in  v e ry  g o o d  a g re e m e n t w i th  th o s e  p u b lish e d  b y  
B ra u n  a n d  Z is e r130,138 f o r  th e ir  p o ly (e th o x y -c y a n u ra te )s  m a te r ia ls  w h ic h  th e y  o b ta in e d  b y  
th e  c o p o ly m e r is a tio n  o f  2 ,4 -d ic h lo ro -6 -e th o x y - tr ia z in e  w ith  a  v a r ie ty  o f  a ro m a tic  
b isp h e n o ls .
7.5. DSC o f Terpoly(methoxy-cyanurate)s
E a c h  sa m p le  w a s  a n a ly se d  b y  D S C  u s in g  a  c r im p e d  a lu m in iu m  p a n . A p p ro x im a te ly  6 m g  
o f  p o ly m e r  w a s  u s e d  fo r  e a c h  an a ly sis . T h e  th r e e -s ta g e  h e a tin g  p ro g ra m  u s e d  in  c h a p te r  4  
w a s  u se d . T h e  r e s u l ts  o b ta in e d  c a n  b e  s e e n  in  F ig u re  7 .6  th ro u g h  to  F ig u re  7 .9  an d  T a b le
7 .4 . S a m p le s  B 2  a n d  B 5 , ex h ib it m e lt tr a n s i t io n s  a t  a p p ro x im a te ly  1 1 9  °C  (h e a tin g  r a te  10 
K .m in _1). T h e  fa c t th a t  th e s e  e n d o th e rm s  c o r re s p o n d e d  t o  a  m e lt w a s  c o n f irm e d  b y  o p tic a l 
m ic ro sc o p y . B o th  m a te r ia ls  w e r e  sh o w n  to  b e  o f  lo w  m o le c u la r  w e ig h t  b y  G P C . T h is  
re s u lt  is  p a r tic u la r ly  in te re s tin g  w h e n  p u t  in  th e  c o n te x t  o f  e x is tin g  li te ra tu re .
DSC
mW/mg
F ig u re  7 .6  D S C  cu rv e s  o f  te rp o ly (m e th o x y -c y a n u ra te )s  o f  D H P E  an d  B P A  h e a te d  to  300 °C  
u n d e r  n itro g e n  (h ea tin g  r a te  lO  K .m in"1, f lo w ra te  30  cm 3.min"1)
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DSC
Temp[C]
Figure 7.7 Glass transitions of terpoly(methoxy-cyanurate)s of DHPE and BPA heated to 300 
°C under nitrogen (heating rate 20 K.min-1, flowrate 30 cm3.min-l)
Braun and Ziser reported the synthesis of a wide range of polymeric materials produced by 
the condensation of dichlorotriazines with aromatic bisphenols. Their polymerisation 
method was very similar to that used in this work except for a minor change in their 
choice of PTC and the fact that they rarely reported reaction times longer than 3 hours. In 
our own studies, the products obtained after this length of time have all the characteristics 
of low molecular weight materials (low solution viscosity, high solubility and poor 
mechanical properties). Braun and Ziser also reported that melting points were determined 
by DSC for many of their polymers. Despite the similarities between their work and the 
work presented in this thesis, only samples B2 and B5 which have both been shown to be 
of low molecular weight have shown melt endotherms in their DSC curves. This is 
probably due to their different choice of phase-transfer catalyst. In future work it would 
seem logical to use either an aryl or a diaryl quaternary ammonium catalyst. However, for 
consistency this project will continue to use Cetrimide.
Series C shows a more distinct relationship between composition and thermal behaviour. 
Increasing the proportion of carbonyl units in the backbone of the polymer is correlated 
with a decrease in the Tp for the exotherm. A-corresponding decrease in the enthalpy of 
the exotherm is also observed. This is in line with the earlier work which found that 
BPMC had a lower Tp than DPEMC and would seem to show that by selecting a 
composition between the extremes, intermediate thermal behaviour can be induced.
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DSC
Temp[C]
Figure 7.8 DSC curves for terpoly(methoxy-cyanurate)s of DHPE and DHBP on heating to 
300 °C under nitrogen (heating rate 10 K.min"1, flowrate 30 cm /m m 1)
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Figure 7.9 Glass transitions of terpoly(methoxy-cyamirate)s of DHPE and DHBP after
heating to 300 °C determined by DSC under nitrogen (heating rate 20 ICmin"1, 
flowrate 30 cm/min'1)
7.5 DSC of Terpoly(methoxy-cyanurate)s
Chapter 7 Synthesis and Characterisation of Terpoly(methoxy-cyanurate)s
Table 7.4 Thermal events observed during analysis of terpoly(methoxy-cyanurate)s by DSC
Polymer V
CC)
T ’1 V
C Q
Tip
CC)
TP
CC)
Tep
C Q
Pep
C Q
AHP
(J*gJ)
AHP
(kJ.m ol1)
rrt d 
l $2
C Q
B1 126 156 198 228 248 269 160 51.6 210
B2 95e 151 167 210 233 249 140 44.5 198
B3 122f 153 170 221 252 262 180 56.8 198
B4 112 142 163 198 226 241 160 52.3 207
B5 _s 155 180 213 234 245 130 42.7 183
C l 150 172 179 224 272 287 160 50.4 223
C2 137 160 204 236 259 283 170 53.2 212
C3 149 180 237 257 273 285 170 53.1 218
C4 140 154 164 201 234 260h 140 44.4 192
C5 153 163 181 216 247“ 279 140 44.6 215
All of the materials in series B and C showed exotherms on heating to 300 °C. Thus the 
attempt to use copolymerisation to suppress the exothermic process has been singularly 
unsuccessful. Embrittlement was still found to be a problem with all samples. This casts 
further doubt as to whether or not the exothermic process in fact indicates a 
crystallisation. If it were, a slight reduction in the tendency of the system to crystallise 
might be expected when two structural units with such different flexibilities are randomly 
incorporated into the polymer chain. Inspection of the all the samples after heating to 300 
°C by optical microscopy suggested that they had all undergone some form of melt 
transition. The surfaces of the samples had become hemispherical and glossy. Voids were 
also visible in the body of the polymer samples. These voids had the appearance of bubbles 
but may not necessarily indicate evolution of volatiles. If the gaseous permeability of the 
polymer sample changed in the course of the heating cycle, the bubbles could be due to air 
trapped in the melt. Melting transitions were only detected by DSC in samples B2 and B5
0 Determined on first heating run with heating rate of 10 K.min'1
d Determined on second heating run with heating rate of 20 K.min'1 
e melt observed at 117 °C (enthalpy -4 J.g*1)
Veak endotherms at 137 °C 
g Sharp melt endotherm at 117 °C (enthalpy - 36. J.g'1) 
h shoulder observed on high temperature side of peak
1 shoulder on high temperature side of peak (259 °C)
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It can only be assumed that, in the other samples, the endotherm which would be expected 
for a melt was swamped out by the strong exotherm.
Some of the exotherms recorded for materials in series B and C appear to have a slight 
distortions on the low temperature side of the peak (sample C3 especially). This could 
possibly be an indication that there are two or more coincident events taking place in the 
sample. This could arise from a melt being coincident with an exothermic peak due to 
either crystallisation or isomerisation or even by the superposition of two exothermic 
processes. The possibility of isomerisation of the methoxy-cyanurate repeat unit was 
presented in chapter 5 and is investigated further using FTIR in section 7.6.
After the first heating cycle all of the polymers exhibited high glass transition temperatures 
of the order of 200 to 220 °C. In general the incorporation of more carbonyl groups 
appears to result in polymers with higher glass transition temperatures. This is in good 
agreement with observations published in the literature describing increases in glass 
transition with an increase in the percentage content o f polar groups such as carbonyls in 
the backbones of aromatic polymers. Given the significant effect molecular weight has 
been shown to have on the thermal behaviour of aromatic poly(cyanurate)s and the 
variation in this parameter observed across these series, it would seem inappropriate to 
attempt to derive a structure property relationship from these data. However, if the 
molecular weight distribution of the polymers could be controlled more effectively these 
systems would appear to have potential as interesting model polymer systems for the study 
o f relaxation processes in cyanurate networks.
7.5.1. Arrhenius plots from DSC data
By way of consistency each DSC run was subjected to the kinetic analysis presented in 
section 6.1. The Arrhenius plots can be seen in Figure 7.10 and Figure 7.11. The results of 
the analysis are summarised in Table 7.5. The only samples which give reasonable fit to 
the first-order kinetic model used in the analysis are B4 and the two low molecular weight 
samples C4 and C5.
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Figure 7.10 Arrhenius plots for DSC analyses of terpoly(methoxy-cyanurate)s of DHPE and 
BPA
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Figure 7.11 Arrhenius plots for DSC analyses of terpoly(methoxy-cyanurate)s of DHPE and 
DHBP
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Table 7.5 Arrhenius parameters obtained from kinetic analysis DSC curves for 
terpoly(methoxy-cyanurate)s of DHPE and BPA
Polymer Lower
Temp
Upper
Temp
%ge
AH
R2 E a
kJ.moC1
B1 198 248 91 0.968 241
B2 167 233 97 0.991 220
B3 175 252 98 0.932 212
B4 163 226 92 0.992 183
B5 180 234 95 0.961 250
C l 180 273 99 0.994 213
C2 204 258 84 0.961 210
C3 237 273 85 0.961 380
C4 164 234 95 0.996 192
C5 180 247 96 0.999 188
The generally poor correlation observed between the DSC data of series B and C and the 
first-order model adopted in the kinetic model further highlights the deviation of these 
systems from ideal first order behaviour. No improvement in fit was observed for second, 
third or even fractional orders. These results contradict those of Kaula and co-workers 
who reported a first order relationship. However, from their publication it would appear 
that they neglected to include the non-linear sections of their data-set in their calculations. 
Examination of the values of Tgi and T ’ip in Table 7.4 shows that, in the majority of the 
polymers studied, the onset of the exothermic peak is within 30 °C of the Tg.
7.6. FTIR Analysis of Terpoly(methoxy-cyanurate)s
These series of materials were not synthesised to address any of the shortfalls in the 
spectral properties of the copoly(methoxy-eyanurate)s described in chapter 4. The IR 
spectra o f the polymers in either series were not expected to vaiy significantly from those 
of the parent copoly(methoxy-cyanurate)s synthesised in chapter 4. This was found to be 
true and the polymers exhibited very similar IR bands to their ‘parent5 polymers in both 
the 3-5 and 8-12 pm detection windows.
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7.6.1. Analysis of polymer samples after heating to 300 °C
It has already been suggested in this thesis that some of the methoxy- groups pendant to 
the polymer chains might be undergoing isomerisation to give the corresponding cyclic 
amides. If this were the case, a distinct change in infrared properties should be observed 
between 5.7 and 6.0 pm (1740 and 1650 cm'1 ) due to the formation of a carbonyl group. 
Series C contains carbonyl groups in the backbone and thus would not be conclusive. 
Series B however does not ordinarily exhibit any carbonyl bands and is, therefore, ideal for 
the study.
Infrared analysis of a sample of B1 after heating to 300 °C showed the appearance of a 
strong broad band at 5.81 pm (1720 cm'1). This supports the formation of a cyclic amide 
very well and shows clearly that some form of chemical change takes place in the samples 
on heating. The TGA data presented earlier shows that this is not oxidative 
decomposition. The formation of the carbonyl groups would increase the interchain 
bonding significantly which may account for some of the embrittlement observed and the 
increase in the strength of the glass transition determined by DSC. Such a rearrangement 
around the triazine ring would also be expected to hinder free backbone rotation which 
could induce more brittle behaviour.
The potential isomerisation of methoxy cyanurates has not been taken into account by 
other researchers working in the field and has serious implications for their suitability for 
extended use at high temperatures.
7.6.2. Quantitative IR analysis of terpoly(methoxy-cyanurate)s
C2 was the highest molecular weight material prepared in this project and was selected for 
further analysis by HDR and HDT to determine its emissivity in the two atmospheric 
detection windows.
Two samples of C2 were analysed using the SOC-100 HDR to allow determination of 
their hemispherical normal spectral emittance. The measurements were made on a 2 pm 
and a 33 pm film. The results of these analyses were scaled by the blackbody emittance 
curve for 298K and normalised to a thickness of 50 pm. A film of 18 pm was used to
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acquire the spectrum illustrated in Figure 7.12 and its transmittance, reflectance and 
emissivity are tabulated inTable 7.6.
Table 7.6 IR absorptions of sample C2 and 298K determined by HDR/HDT (normalised to 
50 pm thickness using Beer’s Law)
C2 Transmittance 298K. 0° Ave. Reflectance 298K. 5° Emissivity. 298K. 0°
Range 3-5pm 8-12g m  2-14fim 3-5fim 8-12fim 2-14nm  3-5fim 8-12fim 2-14fim
Value 065 008 OHO 008 b ib  009 027 082 0.81
±0.02 ±0.02 ±0,02 ±0.00 ±0.00 ±0.00 ±0.02 ±0.02 0.02+
100.00 T------
90.00
© 80.00
•i 70.00
2 60.00 -
.9 50.00
■5 40.00 -
© 30.00
20.00
10.00
0.00
2.00 4.00 6.00 8.00 10.00 
Wavelength (pm)
12.00
100.00
90.00
--80.00 =r
70.00 -2
-- 60.00
50.00 ■=
40.00 ±
30.00 £
-- 20.00
-- 10.00
0.00
14.00
Figure 7.12 HDT and HDR spectra of terpoly(methoxy-cyanurate) of DHPE and DHBP (C2)
Comparison of the results above with those for DPEMC (Chapter 4) shows that replacing 
33% of the ether linkages in the backbone of the polymer with carbonyl linkages increases 
the emissivity of the polymer by 0.05 between 3 and 5 pm, by 0.15 between 8 and 12 pm 
and by 0.25 between 2 and 14 pm. The increase in intensity in the 3-5 pm region is not 
significant given the error in the measurement o f the DPEMC sample. The increase in the 
8-12 pm region is also minor. However, the increase between 2 and 14 pm is significant 
and is expected. The carbonyl groups absorb strongly at 6.4 pm. There is no absorption in 
the IR spectrum of DPEMC at this point and so the addition of a new mode of vibration to 
the polymer increases the bandwidth over which the material absorbs and emits.
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7.7. Elemental Analysis of Terpoly(methoxy-cyanurate)s
The elemental analyses for the series B and series C terpolymers are given in Table 7.7 and 
Table 7.8. The elemental analysis of a sample of B1 which had been heated to 300 °C 
under nitrogen is also presented (sample B1ANN).
Table 7.7 Elemental analyses for terpo!y(methoxy-cyanurate)s of DHPE and BPA (Series B)
Sample B 1 B2 B3 B4 B5 B1ANN
Formula C ssH b N A C51H39N9O11 C67H50N12O15 C54H45N9O10 C73H62NO12 -
Obs. (Calc'). Obs. (Calc.) Obs. (Calc.) Obs. (Calc.) Obs. (Calc.) Obs. (Calc.)
%wt Carbon 65.72 65.21 66.62 64.21 64.52 63.70 65.32 66.18 65.53 66.66 64.82 65.21
%wt Hydrogen 4.45 4.38 5.67 4.12 4.36 3.99 4.65 4.63 4.71 4.75 4.16 4.38
%wt Nitrogen 12.44 13.04 10.96 13.22 12.03 13.31 11.83 12.86 11.84 12.78 12.42 13.04
C/N  Ratio 5.28 5.00 6.08 4.86 5.37 4.79 5.52 5.14 5.54 5.22 5.22 5.00
C/H  Ratio 14.79 14.89 11.76 15.58 14.80 15.97 14.06 14.30 13.86 14.03 15.59 14.89
N /H  Ratio 2.80 2.98 1.93 3.21 2.76 3.34 2.55 2.78 2.51 2.69 2.98 2.98
Table 7.8 Elemental analyses for terpoly(methoxy-cyanurate)s of DHPE and DHBP (series C)
Sample C l C2 C3 C4 C5
Formula C38H30N6O6 C57H47N9O9 C76H64N120 12 C57H43N9O9 C56H76N12Oi2
Obs. (Calc). Obs. (Calc.) Obs. (Calc.) Obs. (Calc.) Obs. (Calc.)
%wt Carbon 62.16 62.86 62.05 62.62 61.86 62.50 63.53 63.09 63.21 63.21
%wt Hydrogen 3.07 3.52 3.33 3.54 3.15 3.55 3.61 3.49 3.25 3.48
%wt Nitrogen 13.21 13.33 12.91 13.41 13.29 13.46 12.15 13.24 12.60 13.20
C/N  Ratio 4.71 4.72 4.81 4.67 4.65 4.64 5.23 4.76 5.02 4.79
C/H  Ratio 20.28 17.87 18.63 17.69 19.64 17.60 17.60 18.05 19.45 18.14
N /H  Ratio 4.31 3.79 3.88 3.79 4.22 3.79 3.37 3.79 3.88 3.79
The analysis of the B1 sample that had been heated to 300 °C shows that there is little 
change in the elemental composition during the change which leads to embrittlement of the 
sample. This is to be expected as the only weight loss observed while heating the sample
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to that temperature could be accounted for by the presence of approximately 2% residual 
solvent which is quite normal for polymers with a high affinity for chlorinated solvents.
All of the elemental analyses are as might be expected based on the results of previous 
analyses. The materials which give moderate to high molecular weights agree well with the 
calculated theoretical CHN compositions. The lower molecular weight materials (B2, B5, 
C4 and C5) deviate more strongly from the theoretical compositions. This is in agreement 
with their TGA analyses which show that they contain a significant amount of trapped 
volatiles, which are most likely to be dichloromethane and water.
7.8. *H and13 C NMR of Terpoly(methoxy-cyanurate)s
300MHz. XH NMR spectra of representative samples of the terpoly(methoxy cyanurate)s 
from series C were run and compared to those of the ‘parent’ polymers: DPEMC, BPMC 
and BPAMC. The NMR spectra are presented below in Figure 7.13 and Figure 7.14.
Chemical Shift (ppm)
F ig u re  7 .13  N M R  o f  C l ,  C 2 , D P E M C  an d  B P M C  b etw een  4 .5  a n d  0 p p m  in  C D C h
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Figure 7.14 *H NMR spectra of C l, C2, DPEMC and BPMC between 8.2 and 6.2 ppm
Both terpolymer series presented NMR spectra which were essentially a weighted linear 
combination of the NMR spectra of DPEMC , BPAMC or BPMC according to the 
percentage content of each in the polymer. The spectra support straightforward random 
copolymerisation. The NMR spectrum of sample C2 is well resolved and shows that the 
replacement of 33% of the aromatic backbone ether linkages in DPEMC with carbonyl 
units appears to modify the solution dynamics of the polymer chain sufficiently to decrease 
its relaxation time, increasing the sharpness of the resonance peaks. An in-depth 
investigation of this phenomenon lies outside of the scope of this project.
7.9. X-ray Powder Diffraction of Terpoly(methoxy cyanurate) C2
To investigate any crystallinity which may have developed in the course of the exothermic 
process, an X-ray powder diffiractogram of the highest molecular weight polymer obtained 
in this section (C2) was made before and after heating to 260 °C in air. The heating rate 
was kept as close to 10 K.min'1 as possible using a programmable oven. The polymer was 
used in powder form as obtained from the purification of the crude by precipitation. The 
measurements were made on a Phillips diffractometer using Cu-Ka radiation between 10 
and 60°. Both diffraction patterns were diffuse in characteristic fashion for amorphous
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materials. There was no fine structure to the diffraction pattern. This indicates that either 
the materials were totally amorphous or that any crystallites present were in domains 
below the size detectable with the instrument available. A more modern instrument which 
could measure wider angle scattering might provide further information relating to any 
ordering which might be taking place on a smaller scale.
7.10. Conclusions From the Study of Terpoly (methoxy cyanurate)s
The initial aim of this section of work was to assess whether or not terpolymerisation 
would have a sufficiently drastic effect on the polymer structure to modify the exothermic 
process observed on heating the majority of poly(methoxy-cyanurate)s to 300 °C. It has 
been shown that this is not the case. Another approach is required to solve this problem if 
the methoxy cyanurate materials are to be used as binders.
While current literature suggests that the observed exotherm is due to crystallisation and 
that the majority of linear cyanurates are semi-crystalline, the DSC and XRPD results 
obtained in this section suggest that little or no crystalline character develops in the 
samples on heating to 300 °C. This contradicts the hypothesis which centres on a 
crystallisation process. The absence of fine structure in XRPD pattern does not rule out 
the possibility that the exotherm is due to some form of refinement of the polymer 
ordering. It merely shows that any ordering that occurs does so in domains below a size 
which would give sharp diffraction patterns which are detectable with the XRPD facilities 
available to the project.
Infrared analysis shows that isomerisation of the methoxy-cyanurate units in the polymer is 
taking place at high temperatures. This results in the formation of cyclic amide units in the 
backbone of the polymer. These will increase the rigidity of the polymer chain 
considerably. This additional rigidity and increased interaction between polymer chains via 
the carbonyl units is probably causing the observed embrittlement of the materials which 
limits the utility of these polymers in high temperature binding applications considerably.
The wide variation in molecular weights obtained using the same polymerisation 
procedure suggests that there may be a non-systematic error being introduced into the
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method. The most obvious potential source of error is heterogeneity in the MDCT 
monomer. Before and during the drying process (50 °C under vacuum), the compound is 
particularly prone to hydrolysis. The current synthetic procedure affords high yields and 
elemental analyses on small quantities show that the overall purity is high. However, the 
formation of a small percentage of hydrolysed material (in localised pockets in the bulk of 
the monomer) could seriously limit the maximum attainable molecular weight of 
condensation products in certain samples. This does not explain why certain 
stoicheometric ratios of bisphenols did not yield high molecular weight materials after 
multiple attempts to polymerise them (e.g. B2 and B5). It is possible that there may be a 
relationship between the composition of the bisphenol solution and the efficiency of 
transport into the organic phase. These problems warrant further investigation and must be 
addressed before linear terpoly(methoxy-cyanurate)s can be considered for testing on a 
larger scale.
These overall conclusion from this section is that the changes observed in poly(methoxy- 
cyanurate)s between the temperatures of 170 and 250 °C cannot be adequately described 
in terms of a single physical process. A hypothesis which encompasses the processes of 
isomerisation and partial crystallisation to give small, poorly formed crystalline domains is 
favoured. This issue is returned to in the final chapter. The next section returns to trying to 
solve the problems of poor IR transparency of the materials between 8 and 12 pm by 
trying to move the very strong IR band at 8.3 pm .
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8.1. Introduction
At the end of chapter 4, reduction or elimination of the strong IR absorption at 8.3 pm 
was identified as being an important first step in improving upon the IR transparency of 
co-poly(methoxy-cyanurate)s. Model compound studies presented in chapter 5 
demonstrated that this band was, at least in part, attributable to a fundamental backbone 
vibrational mode involving the triazine ring and the two aromatic ether linkages. An 
additional model compound study and normal mode calculation also presented in chapter 
5 suggested that if the aromatic ether linkages were replaced with thioether linkages it may 
be possible to shift the frequency of this contributory mode to outside the 8-12 pm 
detection window.
This chapter sets out to investigate whether aromatic bisthiophenols can be used to form 
linear aromatic thiocyanurates in an analogous fashion. The second aim is to determine 
whether the total replacement of the aromatic ether linkages with aromatic thioether 
linkages reduces the IR spectral emissivity of the resulting polymers sufficiently to make 
them suitable for application in the 8-12 pm detection window.
Two copoly(methoxy-thiocyanurate)s and a series of terpoly(methoxy-thiocyanurate)s 
were prepared by the polymerisation aromatic bisthiophenols with MDCT. All materials 
were analysed by IR, TGA, DSC, NMR and elemental analysis. Special attention was paid 
to the effect of the polymer composition upon their thermal and spectral properties.
8.2. Prior Art to the Formation of Poly(thiocyanurate)s.
As mentioned in chapter 4, while dichlorotriazines are usually co-polymerised with 
aromatic bisphenols to give polymeric products, they will also undergo nucleophillic 
substitution by a wide range of nucleophiles. The nucleophillic behavior of the 
thiophenoxide anion is very similar to that of the phenoxide anion but it is more stable to 
oxidation. Kondo149 et al. reported the reaction of aliphatic dithiols with dichlorotriazines 
under PT conditions to yield medium molecular weight polymers which exhibited 
interesting metal-extracting properties. It was reported that the polymerisation could also 
be carried out in THF if a suitably strong organic base was employed. Aromatic polymers 
are not generally veiy soluble in THOF and so an alternative polymerisation method was
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considered to be more appropriate. The model thiocyanurate (triphenylmercapto-s- 
triazine) described in chapter 5 confirmed the literature precedent which suggested that 
thiocyanurate ring systems could be formed efficiently by the nucleophillic substitution of 
chlorotriazines with aromatic thiophenoxides. In this chapter it is proposed that the 
reaction of bisthiophenols with capped dichlorotriazines in the presence of base, under the 
phase transfer conditions employed in chapter 4, should yield linear aromatic 
poly(thiocyanurate)s according to the scheme depicted in Figure 8.1.
-Ar-
Base, Phase Transfer Catalyst 
■SH -------------------------- >
C l N Cl
R = Any capping group (-OMe, -OEt, -Ph etc.)
'N '
■S— Ar-
Figure 8.1 Copolymerisation of methoxy-dichlorotriazines with aromatic bisthiophenols to 
yield copoly(2-substituted-thiocyanurate)s
8.3. Monomers for the Formation of Linear Thiocyanurate Polymers.
The aim of this work was to make a series of analogues to the materials synthesised in 
chapter 4 and then to polymerise them with methoxy-dichlorotriazine (MDCT). This 
would allow comparison between the IR properties of a range of copoly(methoxy- 
cyanurate)s and their thiocyanurate analogues. The target bisthiophenols can be seen in 
Figure 8.2. From this point onwards they are referred to by their abbreviated forms.
DTPS is available commercially and was bought from Aldrich Chemical Company. It was 
necessary to look for a synthesis for the other materials. The formation of DTPE can be 
achieved simply by the reduction of the 6zs(chlorosulphonyl)diphenyl ether as reported by 
Marvel150'152. The method employed in this project is a minor modification of Marvel’s 
procedure.
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dith io l o f  diphenyl e ther (D TPE)
d ith io l o f  phenyl su lphide (D TPS)
d ith io l o f  benzophenone (D TB P)
d ith io l o f  bisphenol-A  (D TB PA )
Figure 8.2 Target monomers for the formation of poly(methoxy-thiocyanurate)s
8.4. Synthesis ofAromatic Bisthiophenols from Aromatic Sulphonyl 
Chlorides.
Aromatic thiols are routinely formed by the reduction of an aromatic sulphonyl chloride in 
using zinc and hydrochloric acid. The sulphonyl chloride is usually prepared by the 
electrophillic addition of chlorosulphonic acid to the aromatic ring. As the oxygen in 
diphenyl ether activates the aromatic ring to electrophillic substitution and is /^-directing, 
the its chlorosulphonation results in high yields of the /?-chlorosulphonated product. The 
bis(chlorosulphonyl)diphenyl ether is reduced to the bisthiol using moderately high 
temperatures and a zinc/ acid reduction system. To obtain a good degree of conversion, 
the reduction is carried out by an interfacial method in which the 
bis(chlorosulphonyl)diphenyl ether is dissolved in chlorobenzene and stirred vigorously 
with zinc/acid mixture. The reaction scheme can be seen in Figure 8.3.
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1. Formation of bis(chlorosulphonyl)diphenyl ether
0 ° - 0  + 2 1180301 4°C *
+ 2 H20
2. Reduction of bis(chlorosulphonyl)diphenyI
90°C,HCI/Zn
a- ^  - X / 2 ^  >~SH
+ 12H+ + 2HC1 + 6H20
Dithiol of phenyl ether (DTPE)
Figure 8.3 2-stage formation of dithio-diphenyl ether (DTPE) via reduction of
bis(chlorosulphonyl) diphenyl ether.
The individual reaction steps are described in the following sections.
8.4.1. Chlorosulphonation of diphenyl ether
Chlorosulphonic acid (350g, 200 cm0, 3 moles) was placed in a 500 cm0 3-neck round 
bottomed flask and cooled to 0 °C. Diphenyl ether (85g, 0.5 moles) was added to the acid 
with stirring and cooling to keep the reaction mixture below 5 °C. The reaction was stirred 
for 4 hours and allowed to stand overnight in a refrigerator. An aliquot of this syrupy 
mixture was poured carefully onto 300g of ice . A fine white solid resulted which was 
collected by filtration, washed thoroughly with cold water (2 x 100 cm3) and dried on the 
pump.
The white product was soluble in diethyl ether, tetrahydrofuran, warm toluene, 
chlorobenzene and chloroform. Crude from the filtration was taken up in chloroform (200 
cm0), dried over magnesium sulphate and recovered by reduction of the volume of the 
solvent under reduced pressure.
NMR of the product showed two doublets of equal intensity at 7.3 and 8.2 ppm in 
CDCI3. This is in good accordance with the formation of 4,4’- 
ti/s(chlorosulphonyl)diphenyl ether. Elemental analysis of the compound after 
recrystallisation from 100-120 °C petroleum ether gave clear crystals with the following 
elemental composition based on (C12H8O5S2CI2). The product was found to be 
hydroscopic and so was stored under dry conditions before its use in the second stage of 
the procedure
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E le m e n ta l A n a ly s is  
C a rb o n  
H y d ro g e n  
N itro g e n
C a lc u la te d
39.25%
2.20%
0.00%
38.78%
2.04%
0.00%
Found
C/H calculated = 17.84, C/H observed =  19.00
As the reaction mixture was very thick and corrosive it was decided that the reduction to 
give the bisthiol should be carried out without prior isolation of the bis(chlorosulphonyl) 
intermediate. Thus the viscous mixture obtained after standing overnight at 4 °C was 
passed onto the next stage of the reaction.
8.4.2. Reduction of bis(sulphonyI chloride)diphenyl ether
Various methods of reduction of the sulphonyl chloride were investigated with the isolated 
bis(chlorosulphonyl) diphenyl ether. The use of lithium aluminium hydride was 
complicated by the hydroscopic nature of the chlorosulphonyl intermediate and so the zinc 
/ hydrochloric acid reduction cited in Marvel’s work on phenylene sulphides was used 
directly. The theoretical yield of 4,4’-&/5(chlorosulphonyl) diphenyl ether was 167g. Zinc 
and hydrochloric acid were used in slight excess to the theoretical yield of the 
chlorosulphonyl groups.
Thus, the 4,4’-&/s(chlorosulphonyl)diphenyl ether crude (167g, 0.5 moles) was dissolved 
in chlorobenzene (400 cm3) and placed in a 3000 cm3 round-bottomed flask, fitted with an 
over-head stirrer, solids addition funnel charged with zinc dust (850g) and a reflux 
condenser fitted with acidic gas trap. The solution was heated to 90 °C with rapid stirring 
and concentrated hydrochloric acid (2000g) was added to the solution. The zinc dust was 
then added cautiously with stirring, and the reaction mixture was kept at 90 °C for a 
period of 18 hours. Additional zinc (100g) was added towards the later stages of the 
reaction to ensure complete reduction of the starting material. The reaction vessel was 
double contained in plastic to guard against spillage due to breakage of the reaction vessel.
The organic phase was separated from the acid medium and washed with dilute sodium 
hydrogen carbonate solution to neutralise any residual acid. The organic phase was then 
dried over magnesium sulphate and removed by vacuum distillation. The product was 
obtained as a cream solid which was dried, recrystallised from chloroform, and then dried
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lH  N M R  A n a ly s is  3 0 0 M H z  C D C h :  5 7 .1 5  (d, 4 H , J = 6 .0 H z , H al) ,  5 6 .7 6  (d, 4 H , J = 7 .2  H z , H aZ),
5 3 .3 0  (s, 2 H , th io l)
This results support the formation of DTPE. The elemental composition of the material is 
described below.
Calculated for C i2H10OS2 C/H =  14.30 Observed C/H =  15.00
Combined purity determination by NMR and elemental analysis showed that the DTPE 
was 92% pure. This purity was used to modify the stoicheometiy of the polymerisation 
mixtures in subsequent sections.
8.4.3. Extension of the method to deactivated ring systems
Despite the relative simplicity of the method above, problems would be expected when 
attempting electrophillic substitution of 2,25-diphenyl-propane at the para- positions. The 
isopropylidene unit o f diphenyl-propane is ortho-, para- directing but is mildly 
deactivating. This would make selective substitution harder to attain an acceptable yield 
and purity. In addition to this, diphenylpropane is too expensive to consider as a starting 
material for bulk applications. An alternative synthesis could be attempted using 
thiophenol and acetone in an analogous fashion to the synthesis of bisphenol-A. However, 
given the difficulties in handling thiophenol on a large scale it was decided that an 
alternative route would be preferable.
The problems would be expected to be even greater in the case of the substitution of 
benzophenone at the two /?ara-positions. The carbonyl group is strongly deactivating and 
/weta-directing. This was borne out by a small scale test reaction between chlorosulphonic 
acid and benzophenone which resulted in the formation of a mixture of products which 
appeared to consist primarily of the starting material and small amounts of the 2 meta- 
substitution products. In light of these problems it was decided that an alternative route to 
chlorosulphonation be investigated.
E le m e n ta l A n a ly s is  
C a rb o n  
H y d ro g e n  
N itro g e n
C a lc u la te d
61.51%
4.30%
0.00%
61.24%
4.07%
0.00%
F o u n d
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8.5. Synthesis ofAromatic Bisthiophenols from Aromatic Bisphenols
The literature shows that phenols can be converted to aromatic thiols by formation of a 
thiocarbamate, thermal isomerisation at 270 °C to give the thiolester and subsequent 
hydrolysis of the isomerisation product153. The thiocarbamate is formed by the simple 
reaction of the phenol with dimethylthiocarbamyl chloride. This thermal rearrangement of 
thiocarbamates to give thioesters is known as the Newman-Kwart rearrangement. The 
residue from the isomerisation is then hydrolysed by refluxing with aqueous potassium 
hydroxide in an ethylene glycol / water mixture to give the corresponding thiol (see Figure 
8.4).
Figure 8.4 Conversion of phenols to thiophenols via a thiocarbamate intermediate.
As the bisphenols BPA and DHBP were readily available, an investigation was made to 
establish whether or not the analogous reaction using the relevant bisphenol and two 
equivalents of dimethylthiocarbamyl chloride could be used to produce the two target 
bisthiols DTBPA and DTBP. The dimethylthiocarbamyl chloride was synthesised 
in-house according to a published literature method150. The reaction was first attempted 
with dihydroxy-diphenyl ether to allow comparison of the products obtained by this 
method and by the more direct synthesis described in section 8.4.
8.5.1. Synthesis of dimethylthiocarbamyl chloride
Dimethyl thiocarbamyl chloride was readily prepared by the cleavage of tetramethyl 
thiiram disulphide by chlorine153. Thus, chlorine (125g, 3.5 moles) dissolved in carbon
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tetrachloride (500 cm3) was added to a rapidly stirred slurry of tetramethyl-thiiram 
disulphide (400g, 1.67 moles) in carbon tetrachloride (800 cm3) which was maintained 
under reflux throughout the addition. Once the addition of the chlorine solution was 
complete, half of the solvent was removed by distillation and the reaction mixture was 
cooled to room temperature. The sulphur, which precipitated on cooling, was removed by 
filtration. The remaining solvent was removed by distillation and dimethylthiocarbamyl 
chloride was obtained by reduced pressure distillation (b.p. 65-68 °C,0.2 mmHg). 
[CAUTION: The product is harmful and should only be handled in a fume cupboard. ]
8.5.2. Formation of diphenyl ether-bis(thiocarbamate)
Dimethyl thiocarbamoyl chloride reacts readily with phenoxide ions to form the 
corresponding thiocarbamate. The reaction was carried using a method adapted from that 
of Newman and Hetzel153. Thus potassium hydroxide (5.61 lg, 0.1 moles) was dissolved in 
water (70 cm3) purged with a strong stream of nitrogen and chilled to 5 °C in an ice water 
bath. DHPE (lO.llOg, 0.05 moles) was dissolved in this solution while a gentle flow of 
nitrogen was maintained over the mixture to minimise oxidation of the bisphenoxide. 
Dimethylthiocarbamoyl chloride (12.36lg, 0.1 moles) in tetrahydrofiiran (30 cm3) was 
added dropwise to the bisphenoxide solution with stirring. The temperature of the reaction 
mixture was kept between 5 and 12 °C by cooling in an ice bath. When addition of the 
dimethylthiocarbamoyl chloride was complete, the reaction mixture was allowed to return 
to room temperature. A tan, viscous emulsion was obtained which was broken by 
successive extractions with three portions of toluene (50 cm3). The combined organic 
extracts were washed with saturated salt solution (50 cm3) and water (50 cm3) and dried 
over magnesium sulphate. Removal of the toluene under reduced pressure and 
recrystallisation of the residue from the minimum volume of methanol yielded straw- 
coloured crystals (4.50g, 26% yield).
E le m e n ta l A n a ly s is  C a lc u la te d  F o u n d
C a rb o n  55.48% 55.94%
H yd ro g e n  4.07%  4.15%
N itro g e n  8.09% 7.96%
Calculated C/N =  6.85 ;Observed C/N =  7.02 (calculated for C18H20N2O3S2)
Calculated C/H = 13.63, Observed C/H =  13.47 (calculated for C18H20N2O3S2)
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!H  N M R  A n a ly s is  3 0 0  M H z  C D C L : 6 3 .3 5  a n d  53 .45 (s , 6 H  ea ch - s te ro c h e m ic a lly  r ig id  m ethyls),
6 7 .0 2  (s, 8 H  J = 8 .7 7 H z , a ro m a tic )
Figure 8.5 Diphenyl ether bis(thiocarbamate)
The XH NMR supports a structure containing 2 /?-disubstituted phenylene units. It is 
proposed that the thiocarbamate group exhibits a degree of stereochemical rigidity and 
that in consequence, non-equivalence of the two methyl groups on each nitrogen is 
observed. This is compatible with spectral data available in the literature. The signals from 
the p-disubstituted phenylenes could not be resolved by 300MHz XH NMR; a broadened 
singlet was observed. This is understandable as the protons at the 3 and 5 positions of the 
phenylene and the those at the 2 and 6 positions are in very similar electrostatic 
environments.
The elemental analysis and NMR result both support the formation of a dithiocarbamate of 
DHPE. The product obtained was used in the next stage of the reaction.
8.5.3. Therm al isomerisation and hydrolysis of diphenyl ether Zus(thiocarbamate)
Numerous attempts were made to thermally isomerise the Z>/'s(thiocarbamate) by heating to 
270 °C under nitrogen for up to three hours. The effect of this heating was monitored by 
*H NMR by removing samples from the bulk for analysis. The solid melted and became 
very viscous when heated to 270 °C. However, heating at this temperature for two hours 
and subsequent cooling resulted in the formation of a red, brittle solid. Analysis of this 
material by JH NMR gave a spectrum with two doublets at 7.5 and 7.1 ppm which could 
be resolved by 60 MHz NMR and a singlet at 3.05 ppm. The NMR spectrum also showed 
the presence of aromatic impurities in the isomerisation mixture which interfered with the 
integration of the two doublets.
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Figure 8.6 S-aryl bisthiocarbamate of diphenyl ether from rearrangement of its O-aryl 
isomer.
This NMR spectrum could be taken as an indication that the isomerisation of the 
bisthiocarbamate has taken place as planned, giving a structure in which the two aromatic 
rings bear an oxygen and a sulphur atom para to one another. The ring hydrogens adjacent 
to the sulphur atoms would be in significantly different environments to those adjacent to 
the oxygens. As a result of this, coupling is expected between the ring hydrogens in DTPE 
whilst no coupling is observed in the case of DHPE.
The NMR spectra of the isomerised material also showed that there were other materials 
present in the reaction mixture. Repeated attempts to purify the reaction mixture by 
recrystallisation and column chromatography using dichloromethane/ hexane were 
unsuccessful.
Attempts to hydrolyse the isomerisation product without prior purification was attempted 
by refluxing in a 1:8 mixture (v/v) of ethylene glycol / water and a 50% molar excess of 
potassium hydroxide according to a published method150. This resulted in a mixture of 
products which could not be separated from the reaction mixture. At the end of the 
hydrolysis stage, the distinctive odour of thiophenol was noted. Bisthiophenols generally 
have a lower vapour pressure than thiophenols and this strong smell is almost certainly 
indicative that at some point in the synthesis cleavage of the diphenyl ether backbone had 
occurred. This goes some way to explain the problems encountered in purification of the 
isomerised material.
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8.5.4. Conclusions
It is concluded that at the very high temperatures required to effect the isomerisation of 
the thiocarbamate, partial decomposition and other side reactions are observed. The low 
yields and problems with purification encountered in the synthesis and purification lead to 
the conclusion that the thermal rearrangement o f O-aryl bisthiocarbamates to their A-aiyl 
isomers does not provide a practical route to the formation of bisthiophenols for use in 
this project. The problems encountered prompted a more in depth study of the literature 
relating to the application of this type of rearrangement. The results of this search showed 
that in many cases, for high yields to be obtained in the thermal rearrangement step a piece 
of apparatus to facilitate the vapour-phase pyrolysis of the thiocarbamate and subsequent 
purification by sublimation is required. These facilities were not available and so it was 
decided that the method should not be considered for further use in the project.
8.6. Synthesis of Poly(methoxy-thiocyanurate)s of DTPE and DTPS
The study into the formation of the methoxy-thiocyanurate polymers was continued using 
the synthesised DTPE and the purchased DTPS. These two monomers were co­
polymerised with MDCT. A series of terpolymers of the two bisthiols with MDCT were 
also prepared.
The polymerisation conditions used were identical to those employed in all other 
polymerisations thus far: 30 °C, 25 cm0 dichloromethane as the organic phase, 100 cm3 of 
0.2M aqueous base and 6 mole % of Cetrimide phase transfer catalyst. A total of 0.001 
mole of MDCT and bisthiophenol were used in all instances. The deprotonation of 
aromatic thiols required a stronger base than was required for the formation of phenoxides 
and so potassium hydroxide was used as the base. The bisthiophenols took longer to 
dissolve in the aqueous phase than the bisphenols and in some cases turbid solutions 
resulted.
The materials synthesised are summarised in Table 8.1 and their structures are depicted in 
Figure 8.7.
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Table 8.1 Aromatic poly(thiocyanurate)s synthesised from DTPE, DTPS and MDCT
Identifier M olar Ratio  
DTPE: M DCT
M olar Ratio  
DTPS: M D CT
Solubility 
in CH2CI2
Yield 
(% theor)
Comments 
(Film thickness)
DPEMTC 1 0 Good (20%) 90 lossy (25, 50 pm)
DPSMTC 0 1 Good (20%) 90 lossy (15,50 pm)
FI 0.5 0.5 Moderate11 88 lossy (7, 18 pm)
F2 0.67 0.33 Moderate3 89 semi-opaque 
(21, 55 p m )
F3 0.75 0.25 Moderate3 94 1 2 ,4 0  pm
F4 0.33 0.67 Partialb 90 semi-opaque
F5 0.25 0.75 Partial*3 100 semi-opaque (13, 33 
pm)
A l l  p o lym ers  w ere  synthesised us ing  a  P V R  (O rg /A q .)  o f  0 .2 5  a t  3 0  ° C  w ith  p o ly m e ris a tio n  tim e o f  18  
hours. A l l  f i lm s  cast w ere  lossy to  a  g r e a te r  o r  lesser extent.
DPEMTC DPSMTC
OMe
n
Series F
OMe OMe
m  n
Figure 8.7 Structures of the linear aromatic poly(thiocyanurate)s studied in this chapter.
All of the materials were soluble in dichloromethane or chloroform to give viscous 
solutions which could be readily cast as films which could be released from glass plates for 
analysis. On standing all of the solutions became cloudy. For samples FI, F2 and F3 this 
resulted in translucent solutions which could not be cleared by filtration. Precipitates
a Some phase separation observed (translucent solution) 
b Precipitation from solution on standing - possibly fractionation
OMe 
N ^ N  ~ ~
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formed from solutions of F4 and F5. The precipitates would not re-dissolve with either 
addition of more solvent or warming. Addition of further dichloromethane reduced the 
viscosity of the solutions sufficiently to allow them to be filtered and the volumes of the 
filtered solutions could be reduced by evaporation. Films cast from these freshly filtered 
solutions showed signs of phase separation on drying which resulted in fine white 
dendrites becoming visible in the bulk of the film. Milder phase separation occurred in all 
series F polymers resulting in the formation of lossy films. FTIR of the precipitates 
obtained from the series F terpolymer solutions suggested that the materials that 
precipitated were the same as the polymer in the mother solution. This behaviour could 
possibly be explained in terms of partial solvent induced crystallisation. Similar behaviour 
has been reported very recently by Kondo154 et a l who made a study of the 
copolymerisation of DTPS with a number of dichlorotriazines other than MDCT.
8.7. GPC of Copoly(methoxy-thiocyanurate)s
Although all the samples from series F were soluble in chloroform and dichloromethane 
they were insoluble in DMAc and could not be analysed by GPC using our 
instrumentation. However, the samples of DPSMTC and DPEMTC which were 
synthesised, were soluble in DMAc + 1% Lithium chloride. The results from these 
analyses can be seen in Figure 8.8 and in Table 8.2.
Table 8.2 Molecular mass averages of copoly(methoxy-thiocyanurate)s DPEMTC and 
DPSMTC
Name Mn MP Mw Mz 
(Daltons) (Daltons) (Daltons) (Daltons)
Mz+i
(Daltons)
MJMn xn P
DPEMTC 10000 32000 45000 104000 171000 4.32 59 0.983
DPSMTC 7000 19000 23000 48000 73000 3.29 39 0.974
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log(Mw)
Figure 8.8 Molecular mass distributions for copoly(methoxy-thiocyanurate)s DPEMTC and 
DPSMTC
The fact that the DPEMTC and DPSMTC polymers were both soluble in DMAc while the 
polymers which contained mixtures of their structural repeat units were insoluble, is at 
first inspection peculiar. A number of possible explanations could be forwarded including 
differences in molecular weight between the copolymers and the terpolymers or a genuine 
effect on the solubility of the polymers possibly indicating a change in inter-chain or chain- 
solvent forces as a result of terpolymerisation. Based on the available data it is not 
possible to draw further conclusions. It is inferred that all the polymers in series F are of at 
least medium molecular weight as they form viscous solutions in chloroform which can be 
cast as resilient films.
8.8. TGA of Poly(methoxy-thiocyanurate)s
Each of the polymers was analysed by dynamic TGA. The two copoly(methoxy- 
thiocyanurate)s were also analysed by isothermal TGA in air and nitrogen for comparison 
with the results for DPEMC reported in chapter 4.
The dynamic TGA results are summarised in Table 8.3. and Figure 8.9.
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Table 8.3 Dynamic TGA Analysis of poly(methoxy-thiocyanurate)s under nitrogen
Polymer Tm
C O
T2 V0
(°C)
T3%
C O
Ts%
C O
Tio%
C O
T200A
(°C)
TJ  max
C O
% Residue 
at 490 °C
DPEMTC 288 333 343 353 364 380 371 62
DPSMTC 303 337 347 356 366 383 371 62
FI 149 193 320 348 363 377 372 61
F2 174 295 341 356 368 383 375 62
F3 142 203 324 349 363 380 370 64
F4 224 321 334 347 359 374 367 63
F5 256 328 340 350 362 379 367 64
TGA
%
Temp[C]
Figure 8.9 Dynamic thermogravimetric analysis of poly(methoxy-thiocyanurate)s in nitrogen
All of the samples exhibited similar stability under nitrogen. The onsets of decomposition 
were similar to those observed for the poly(methoxy-cyanurate)s encountered in previous 
chapters. The primary difference between the stabilities of the poly(methoxy- 
thiocyanurate)s and those of the poly(methoxy-cyanurate)s already encountered is that the 
thiocyanurate materials exhibit a slightly higher char yield at 490 °C. Under nitrogen the
c Temperature of maximum weight loss determined from first derivative of weight loss curve
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average char yield across all the thiocyanurate polymers is 62%. There is little variation in 
either char yield or onset of decomposition across the series of thiocyanurate polymers. A 
dynamic TGA study of DPEMTC from ambient to 1000 °C in nitrogen showed that 
decomposition proceeded by a three stage mechanism (see Figure 8.10). Each stage of
decomposition was detected by minima in the derivative of the weight loss curve. The first
stage resulted in maximum weight loss at 371 °C; the second stage maximum occurred at 
550 °C and that of the final stage appeared at 700 °C. The char yield at 1000 °C in 
nitrogen was less than 3%
DrTGA
TGA mg/min
% xlO'2
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Figure 8.10 Weight loss of DPEMTC under nitrogen heating at 20 K-min"1 to 1000 °C
DPEMTC is the direct thiocyanurate analogue of DPEMC. To allow further comparison 
of the thermal stabilities of the thiocyanurate materials to their cyanurate analogues 
isothermal TGA measurements were conducted on samples o f DPEMTC under air and 
nitrogen. The results are depicted in Figure 8.1 land are tabulated in Table 8.4.
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Figure 8.11 Isothermal TGA curves for DPEMTC in nitrogen and air
Table 8.4 Isothermal TGA data for DPEMTC in nitrogen and air.
Temp.
(° Q
A tm osphere to.25%
(min)
to.50%
(m in)
ti%
(m in )
t2%
(min)
t$%
(m in)
tio%
(m in)
% residual 
wt.
at 1000 m in
190 Nitrogen - - - - - - 100
190 Air - - - - - - 100
225 Nitrogen < 2 -< 2 - - - - 99
225 Air < 2 < 2 203 413 691 - 91
250 Air 7 16 33 49 87 139 78
300 Nitrogen < 1 < 1 14 17 24 34 81
Under isothermal conditions in air and nitrogen DPEMTC exhibits very similar thermal 
stability to DPEMC. At temperatures below 225 °C negligible weight loss is observed. At 
225 °C under nitrogen, any degradation resulting in weight loss appears to reach a plateau 
at weight loss of 2%. Under the same conditions in air, the samples weight decreases 
continuously and, after 400 minutes, almost linearly with time to give a total weight loss 
after 1000 minutes of 9%.
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An important point to draw from these isothermal studies is that only minimal 
decomposition of the samples would be expected during the heating cycles o f the DSC 
analyses. Although the maximum temperature attained in the DSC programme is 300 °C, 
nitrogen is always used as the atmosphere and the residence time of the sample above 
temperatures of 250 °C is less than 20 minutes. The early weight loss observed in all of the 
isothermal runs is due to the release of trapped solvent and does not indicate degradation 
of the polymer.
Comparison of these results with those presented in chapter 4 leads to the conclusion 
poly(methoxy-thiocyanurate)s have similar thermal stabilities to poly(methoxy- 
cyanurate)s. The maximum long term service temperature o f the materials based on 
thermoehemical stability in air for both families of materials is approximately 190 °C. This 
gives a 30 °C margin between the top service temperature and the onset of decomposition.
8.9. DSC of Poly(methoxy-thiocyanurate)s
The thermal events as defined in previously sections were determined from each of the 
DSC curves (Figure 8.12 and Figure 8.13) and are summarised in Table 8.5.
Table 8.5 Thermal events for poly(methoxy-thiocyanurate)s from DSC analyses
Polymer T8i
CQ
T>
1  V
CC) CQ
TP
CQ CQ
T’ep
CQ
AHP
(J-g1)
AHp
(kJ.mor1)
T82
CQ
DPEMTC 130 146 157 200 230 256 120 41.0 -
DPSMTC 129 146 174 207 233 254 110 39.3 174
FI 91 136 164 197 226 248 120 41.9 160
F2 116 140 168 210 236 257 120 41.6 168
F3 107 140 174 207 235 254 140 48.3 175
F4 121 134 164 204 230 263 110 38.7 144
F5 - 145 169 200 225 237 120 42.4 150
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DSC
mW/mg
Temp [C]
Figure 8.12 DSC curves for poly(methoxy-thiocyanurate) s upon initial heating to 300 °C 
under nitrogen (heating rate 10 K.min'x)
DSC
mW /mg
T emp[C]
Figure 8.13 DSC traces of poly(methoxy-thiocyanurates) in vicinity of the glass transition 
temperatures after heating to 300 °C under nitrogen (heating rate 20 K.min"1)
The first DSC runs (Figure 8.12) show very similar thermal behaviour for all of the 
poly(methoxy-thiocyanurate)s. In samples FI, F2 and F4 a weak endothermic transition is 
observed before the onset of the exotherm. In some instances the recovery o f the baseline 
gradient is coincident with the onset of the exotherm. The nature of the event giving rise
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to these endotherms cannot be determined with any certainty from these data although 
they may be glass transitions. The exotherms are very similar for all samples in terms of 
onset, endset and peak temperatures as well as enthalpy. The enthalpy change associated 
with the exotherms are very similar to those observed with poly(methoxy-cyanurate)s (c .f 
Chapters 4 and 7). If the exotherm was to be considered to be due to a crystallisation, this 
observation would be rather surprising. Replacing up to 66% of the oxygen atoms in the 
backbone of a polymer with sulphur atoms would be expected to give some change in its 
crystallisation behaviour. This gives more weight to the hypothesis that the exotherm is 
due to change in the polymer related to a structural unit present in all the polymers studied 
so far, the methoxy group.
The second DSC curves of the poly(methoxy-thiocyanurate)s (Figure 8.13) present 
different features to those of poly(methoxy-cyanurate)s. The latter tend to exhibit single 
glass transitions of variable intensity between 190 and 220 °C while the transitions for the 
thiocyanurate polymers are found at lower temperatures (144-175 °C). This correlates 
with the conformational plots presented in chapter 5 which predict that rotation about the 
aromatic sulphide linkages should be less restricted than rotation about aromatic ether 
linkages in their cyanurate analogues. In the DSC traces of the cyanurate polymers, no 
transitions other than the glass transition drop in Cp were discernible. The poly(methoxy- 
thiocyanurate)s behave differently. A very weak endotherm is observed close to 230 °C in 
many of the thiocyanurate polymers. This is consistent throughout all of series F. In 
DPSMTC, however, the endotherm is very weak and it is altogether absent in the case of 
DPEMTC. The nature of the transition that gives rise to this endotherm in uncertain. 
However, it could be indicative of a partially annealed amorphous phase containing very 
small poorly formed crystallites. If  this is the case extended annealing at a temperature 
above Tg could shift the endotherm to a higher temperature and increase its magnitude. 
From the appearance of the DSC curves it would seem that if the materials are semi­
crystalline, that the amorphous phases is predominant.
For completeness, the section o f the DSC curve corresponding to the exothermic process 
was subjected to the same kinetic treatment used in previous chapters. The results of this 
are summarised below in Table 8.6. The corresponding plots can be seen in Figure 8.14 
and Figure 8.15.
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Table 8.6 Arrhenius parameters from DSC analysis of poly(methoxy-thiocyanurate)s
Polymer Upper 
Temp.
Lower
Temp.
%ge
AHP
R 2 E a
kJ.m ot1
DPEMTC 229 157 97.4 0.994 204
DPSMTC 232 161 95.7 0.990 186
FI 225 161 94.5 0.984 205
F2 236 154 97.9 0.990 189
F3 226 148 92.9 0.992 172
F4 228 142 94.2 0.998 179
F5 218 156 93.0 0.991 186
Once again, there does not appear to be a systematic relationship between the activation 
energy for the exothermic process and the composition of the polymers. If  there is more 
than one process taking place simultaneously which have different activation energies for 
each polymer this is not entirely surprising. The DSC curves of the copoly- and 
terpoly(methoxy-thiocyanurate)s appear to fit the first order kinetic model better than any 
of the materials described previously in this thesis.
The glass transition temperatures determined by DSC for the thiocyanurate polymers are 
noticeably lower than those of their cyanurate analogues. This would seem to correlate 
with an improved fit to the linear model for data acquired at lower temperatures (i.e. at 
higher values of 7/7). This does not strengthen the case for a crystallisation phenomenon 
but serves to highlight the fact that the glass transition temperature of the materials has an 
effect on the kinetic of the process or processes which give rise to the exotherms in the 
samples.
l/T {Reciprocal Kelvin) 1/T (Reciprocal Kdvin)
Figure 8.14 Arrhenius plots from DSC analysis of copoly(methoxy-thiocyanurate)s
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Figure 8.15 Arrhenius plots from DSC analysis of terpoly(methoxy-thiocyanurate)s of DTPE 
and DTPS
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8.10. FTIR Analysis of Poly(methoxy-thiocyanurate)s
These poly(methoxy-thiocyanurate)s were synthesised with a view to reducing the 
intensity of a strong band at 8.3 pm observed in cyanurate polymers attributed to one 
of the fundamental cyanurate C-O stretching modes. After the normal modes 
calculations and model compound study presented in chapter 5, it was hoped that the 
thiocyanurate C-S stretch should give a band at 7.9 pm instead of 8.3 pm and would as 
a result reduce the emissivity of the materials between 8 and 12 pm.
Transmission spectra of films of DPEMC, DPEMTC and DPSMTC are depicted in 
Figure 8.17. The films are of different thicknesses and thus spectra serve primarily to 
compare wavelength shifts in the bands of the spectra. Inspection of Figure 8.17 shows 
that the band observed at 8.3 pm in DPEMC is shifted to 7.9 pm in both DPEMTC 
and DPSMTC as predicted by the simulations. Thus, the strategy to move that band 
has been successful.
Despite this initial success this shift has not resulted in a decrease in emissivity between 
8 and 12 pm. Unfortunately, moving the 8.3 pm band has revealed another, weaker 
band that was coincident with the original aromatic C-O-C stretch. Although the newly 
discovered band is weak in comparison to the very strong aromatic C-O-C mode, it 
and an additional band which appears at 10.8 pm (926 cm'1) in the spectra of the 
poly(methoxy-thiocyanurate)s, appear to contribute significantly to the emissivity at 
film thicknesses greater than 10 pm. The normal modes calculation for the model 
compound diphenylmercapto-methoxy-s-triazine, presented in chapter 5 suggests that 
the weaker band at 8.3 pm is due to a CH3.O-C stretch on the methoxy cyanurate unit 
(mode 72) and that the 10.8 pm mode could be due to an in-plane triazine ring 
deformation (mode 54). While an analogous CH3.O-C stretch was predicted in a PM3 
normal modes analysis of diphenoxy-methoxy-x-triazine an analogous mode to the 10.8 
pm band was not observed. These two additional bands and the overlap of the C-S-C 
band and the CH3-O-C band at 8.3 pm explain the fact that the emissivity of DPEMTC 
is slightly higher than that of DPEMC.
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The integrated transmittances, reflectances and emissivities of the poly(methoxy- 
thiocyanurate)s between 3-5, 8-12 and 2-14 pm are summarised in Table 8.7. Bands 
are apparent in all the samples at 13.58 pm which could be assigned to a mode in 
which an in-plane triazine deformation is coupled with a C-S-C angular deformation 
(mode 40 in the normal modes calculation for diphenylmercapto-methoxy-s-triazine). 
Normal modes calculations predict another mode at the same frequency for the 
cyanurate material DPEMC which is due to an out-of-plane C-H deformation. This 
vibrational mode is also predicted for the thiocyanurate systems but the transition 
dipoles calculated using PM3 suggest that the triazine mode would be expected to 
dominate.
The bands in the IR spectrum of DPSMTC match those of DPEMTC veiy closely. 
However, it is interesting to note that certain DPSMTC bands are considerably 
stronger than their counterparts in a film of DPEMTC of the same thickness. Given 
that the thiocyanurate units should be the same for the two polymers this difference 
must arise from a difference in the backbone units of DTPE and DTPS. Single point 
calculations on the minimised structures used for the PM3 normal modes calculations 
presented in chapter 3 predict dipole moments of 1.03 and 1.64 Debey es for diphenyl 
ether and diphenyl sulphide respectively. As a polymer chain acts a series of coupled 
dipoles, an increase in the dipole moment of one of the repeat units could explain the 
differences in IR intensity observed between DPEMTC and DPSMTC.
Within the margins of error for the determination of the integral HDR’s and HDT’s for 
these samples, there is negligible change in the emissivity in the two atmospheric 
detection windows as a function of the composition of the polymer backbone. Between 
2 and 14 pm, increasing the proportion of the DTPS monomer in the reaction mixture 
increases the overall emissivity slightly. This is increasing the intensity of 13.58 pm 
band. The emissivities of the thiocyanurate materials normalised to a thickness of 50 
pm are only slightly greater than that of DPEMC. It is interesting to note that, at 50 
pm thickness, even absorption by comparatively weak bands can reduce the 
transparency of a polymer sufficiently to contribute significantly to its emissivity. This 
has implications for future research and is discussed in the final chapter.
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Table 8.7 Hemispherical directional transmittance (HDT) and hemispherical directional 
reflectance (HDR) for poly(methoxy-thiocyanurate)s
H DT (298K. 0°) H D R (298K. 5°) Emissivity (298K. 0°)
3-5nm 8-12nm 2-14nm 3-5fmi 8-12nm 2-14nm 3-5nm 8-12nm 2-14ftm
DPEMTC 0.69± 0.19± 0.24± 0.09± 0.09+ 0.09± 0.22± 0.72± 0.67+
0.01 0.01 0.04 0.03 0.01 0.00 0.02 0.04 0.04
FI 0.71+ 0.19± 0.25+ 0.09± 0.09± 0.09± 0.20+ 0.72± 0.66+
0.00 0.05 0.05 0.00 0.01 0.01 0.01 0.05 0.06
F2 0.74± 0.24+ 0.30± 0.10± 0.10+ 0.10± 0.16+ 0.66± 0.60+
0.01 0.05 0.05 0.01 0.00 0.00 0.02 0.05 0.07
F3 0.66± 0.12+ 0.18+ 0.09± 0.09± 0.09± 0.25± 0.79+ 0.74+
0.00 0.05 0.07 0.01 0.01 0.01 0.01 0.06 0.07
F5 0.80+ 0.23+ 0.27± 0.10+ 0.05± 0.11± 0.10± 0.72+ 0.62±
0.02 0.03 0.01 0.01 0.04 0.01 0.03 0.07 0.02
FTIR analysis of a sample of DPEMTC heated to 300 °C under nitrogen at 10 K.min1 
and comparison with an unheated sample shows similar results to those observed in 
previous chapters. A strong band becomes apparent at 5.87 pm (1703 cm'1) which is 
good keeping with literature values for cyclic amides. The TGA data presented earlier 
shows negligible weight loss upon heating to 300 °C and so it is reasonable to interpret 
these results as an indication that isomerisation of some of the methoxy-triazine units is 
taking place. The spectra can be seen in Figure 8.16. The absence of the triazine 
vibrational mode at 13.58 pm provides further evidence for the disappearance of the 
triazine ring system. Isomerisation of the methoxy-triazine unit would introduce an 
exo-carbonyl group onto the ring and would remove the triazine mode at 13.58 pm.
Figure 8.16 Comparison of DPEMTC before and after to heating to 300 °C in air at 
10 K.m in1
8.10 FTIR Analysis o f Poly(methoxy-thiocyanurate)s
Chapter 8 Synthesis and Characterisation o f Poly(methoxy-thiocyanurate)s 219
Wavelength (gm)
Figure 8.17 Comparison of the IR spectra of DPEMC, DPEMTC and DPSMTC.
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8.11. 1H and13 C NMR Spectroscopy of Poly(methoxy-thiocyanurate)s
Samples of DPEMTC, DPSMTC and FI were analysed by to  and 13C NMR. A DEPT 
analysis was used to help identify the different carbon atoms in the 13C structure. The 
results obtained are summarised in the following sections.
8.11.1. NMR analysis of DPEMTC
t o  N M R  A n a ly s is  3 0 0  M H z  C D C l3 : 6 7 .4 5  ( d ,4 H , H h J = 8 .8 H z ) ,  6 6 .99 (d , 4 H , H a, J = 8 .8 H z ) ,
S 3 .79(s, M e th o x y )
13C  N M R  A n a ly s is  3 0 0  M H z  S C D C l3 : 6 1 8 3 .2  ( C j ,  6 1 6 8 .6  (C 2. J  8 1 5 8 .0  (C 15J9) ,  6 1 3 7 .3  (C 13, i7,2i l23) ,
6 1 2 2 .0  (C 12'22) , 8 1 1 9 .7  (C H M 20,24) ,  8 5 5 .3 (C 1Q).
10
Figure 8.18 Repeat unit of copoly(diphenyl ether-methoxy-thiocyanurate) (DPEMTC)
Comparison of the to  spectrum with that of DPEMC shows that the use of 
thiocyanurates increases the difference in chemical shift between the aromatic protons 
ortho- and meta- to the triazine ring as well as decreasing the chain relaxation time. 
This is in good agreement with published substituent effects on the proton chemical 
shifts of substituted benzenes. The thioether group shifts the signal of the ortho- 
protons approximately 0.4 ppm downfield. The 13C chemical shifts for the triazine ring 
are in excellent agreement with published, values. The resonance at 8158 is in keeping 
with an aromatic carbon with an ipso phenoxy group. The resonance at 8122 is typical 
for a carbon para- to a phenoxy group.
8.11.2. NMR analysis of DPSMTC
t o  N M R  A n a ly s is  3 0 0  M H z  C D C l3 : 6 7 .4 1  (d ,4H , H b, J = 8 H z ) ,  S 7 .29 (d , 4 H , H a J ~ 8 H z ) ,
8 3 .7 8  (s ,M e O )
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13C  N M R  A n a ly s is  3 0 0  M H z  6 C D C l3:: 5 1 8 2 .8  (C A , 5 1 6 6 .5  (C 3f4), 5 1 3 7 .5  (C 15J91) ,  5 1 3 6 .2  (C 13J7>2li23),
5131.4 (C}4,i6,2o,24), 6126.6 (C12,22), 55.4 (Cio-MeO)
10
Figure 8.19 Repeat unit of copoly(diphenyl sulphide-methoxy-thiocyanurate) (DPSMTC)
As might be expected, the replacement of the ether linkage in the backbone of 
DPEMTC with a sulphide linkage to give DPSMTC has resulted in equilibration of the 
charge density along the backbone of the polymer. This indicated by the increased 
proximity of the signals for the two secondary carbon positions in the polymer 
backbone. The replacement of the ether linkage has also had a marked effect on the 
positions the signals for the phenylene quaternary carbons. All these effects are in 
keeping with increasing the similarity in the environments of the backbone carbons.
8.11.3. N M R  of terpoly(methoxy-thiocyanurate) of DTPE and DTPS (F I)
The F series terpolymers are essentially a cross between the DPEMTC and DPSMTC 
copolymers. The NMR spectra presented in Figure 8.20and Figure 8.21 confirm this as 
they contain peaks which match those for the two copolymers exactly.
Some broadening of the aromatic C-H proton signals is observed in the XH NMR 
spectrum of FI compared to those of DPEMTC and DPSMTC. This is probably due to 
the introduction of slight variations into the backbone conformation as result of 
terpolymerisation. The relative intensities of the two sets of peaks support random 
incorporation of the two different bisthiophenols in direct analogy to the findings of 
chapter 7. The loC NMR spectrum of FI is a straightforward combination of the IoC 
spectra of DPEMTC and DPSMTC.
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Paris per million
Figure 8.20 1H  NM R (aromatic region) of poly(methoxy-thiocyanurate)s in CDCI3
Parts per million
Figure 8.2113C NM R of poly(methosy-thiocyanurate)s in CDC13
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8J2. Elemental Analysis of Poly(methoxy-thiocyanurate)s
The polymers were subjected to elemental CHN analysis. The results of this are 
presented in Table 8.8. All of the samples exhibited lower than theoretical levels of 
nitrogen. The deviations from ideal composition almost certainly stem from incomplete 
reaction of the monomer and residual solvent.
A sample of FI was heated at 10 K.min'1 from ambient to 300 °C then cooled at 
lOK.min'1 to 70 °C, held at 70 °C for 15 minutes and re-heated at 20 K.min'1 to 300 
°C, before immediate removal from the furnace. Inspection of the CHN ratios for the 
heated sample show that there has been very little change in composition which could 
not be accounted for by loss of solvent. This supports the hypothesis for isomerisation 
above 200 °C which would not give rise to a change in elemental composition.
Table 8.8 Elemental analyses for poly(methoxy-thiocyanurate)s
Sample FI F2 F3 F4 F5
Formula C32H22N5O3S5 C48H33N9O5 S7 C54H44NJ 2O7 S9 C48H33N9O4S8 C64H44N12O5S11
Obs. (Calc). Obs. (Calc.) Obs. (Calc.) Obs. (Calc.) Obs. (Calc.)
%wt Carbon 55.99 (54.99) 56.01 (55.42) 56.10 (55.63) 55.31 (54.57) 54.84 (54.37)
%wt Hydrogen 3.42 (3.17) 3.22 (3.20) 3.25 (3.21) 3.12 (3.15) 3.14 (3.14)
%wt Nitrogen 10.94 (12.03) 11.07 (12.12) 11.09 (12.17) 9.96 (11.93) 11.12 (11.89)
C/N Ratio 5.12 (4.57) 5.06 (4.57) 5.06 (4.57) 5.56 (4.57) 4.93 (4.57)
C/HRatio 16.39 (17.33) 17.42 (17.33) 17.26 (17.33) 17.75 (17.33) 17.49 (17.33)
N/H Ratio 3.20 (3.79) 3.44 (3.79) 3.41 (3.79) 3.20 (3.79) 3.55 (3.79)
Sample DPEMTC DPSMTC F1ANN
Formula C]5HnN30 2S2 C16H „N 3OS3 C32H22N603S5
Obs. (Calc). Obs. (Calc.) Obs. (Calc.)
%wt Carbon 56.45 (56.29) 54.03 (53.76) 55.78 (54.99)
%wt Hydrogen 3.06 (3.25) 2.93 (3.10) 3.09 (3.17)
%wt Nitrogen 11.41 (12.31) 11.03 (11.76) 11.02 (12.03)
C/N Ratio 4.95 (4.57) 4.59 (4.57) 5.06 (4.57)
C/H Ratio 18.44 (17.33) 18.41 (17.33) 18.08 (17.33)
N/H Ratio 3.72 (3.79) 4.02 (3.79) 3.57 (3.79)
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8.13. X-Ray diffraction of Copoly(methoxy-thiocyanurate) of Diphenyl 
Ether
A sample of DPEMTC was analysed by XRPD between 10 and 60° using Cu-Ka 
radiation, before and after heating to 300 °C in air. As with the analysis of the sample 
of C2 presented in chapter 7 there was no indication of crystalline structure in the 
either of the polymer samples thus casting more doubt onto earlier proposals that the 
exothermic process results in the formation of strong crystalline domains in the 
samples.
8.14. Conclusions front Study of Poly (methoxy-thiocyanurate) s
This chapter has shown that aromatic bisthiophenols can be polymerised with 
dichlorotriazines to form high molecular weight materials in an analogous fashion to 
aromatic bisphenols. This has recently been corroborated in a recent publication by 
Kondo154 et al.
Differences in the solubility and thermal behaviour are observed between 
poly(methoxy-thiocyanurate)s and poly(methoxy-cyanurate)s. The poly(methoxy- 
thiocyanurate)s appear to undergo partial crystallisation from dichloromethane which 
could be leading to fractionation of the polymer. This behaviour is not observed with 
poly(methoxy-cyanurate)s. Kondo154 et a l reported similar behaviour in other 
thiocyanurate polymers prepared by the condensation of DTPS with various 
dichlorotriazines. Partial crystallisation or phase separation could possibly explain the 
brittle behaviour of some of the thiocyanurate films compared to their cyanurate 
analogues.
Increasing the proportion of sulphur-triazine bonds in the backbone of the polymers 
appears to lower their glass transition temperatures. The same modification also 
increases the brittleness of some samples to the point of being unsuitable for use. 
DPEMTC, which contains 33% ether linkages in the backbone, has physical properties 
veiy similar to DPEMTC apart from its tendency to partially crystallise at room 
temperature. If the hypothesis that the exothenns detected by DSC when these 
materials are heated to 300 °C were solely due to crystallisation was true, the
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similarities between the thermal behaviour of the methoxy-cyanurate polymers, 
DPEMC and TDPMC and their methoxy-thiocyanurate analogues DPEMTC and 
DPSMTC would be unexpected. The DPEMTC sample heated to 300 °C in air 
showed no sign of crystallinity when analysed by XRPD. This suggests once again, that 
a process other than crystallisation is giving rise to the exotherms in the vicinity of 200 
°C.
FTIR provides clear evidence for the formation of an amide-like carbonyl functionality 
on heating to 300 °C . This supports the hypothesis that the methoxy-cyanurate repeat 
units are undergoing thermal isomerisation. 13C NMR would provide conclusive 
evidence for this. Unfortunately, the polymers are largely insoluble after heating to 300 
°C. However, given the publications by Tosato et al. it should prove simple enough 
(given adequate facilities) to prove or disprove the isomerisation by using solid state
13c n m r .
On the grounds of thermochemical stability, the upper service temperatures of the 
poly(methoxy-thiocyanurate)s (ca. 190 °C) are not significantly different from those of 
the poly(methoxy-cyanurate)s described in chapter 4. Similarly, their tendency to 
become brittle does not appear to have changed a great deal. As the onset of the 
exothermic process is observed at a lower temperature in poly(thiocyanurate)s than in 
poly(cyanurate)s, it is possible that the thiocyanurate polymers may have a slightly 
lower maximum service temperature due to a faster rate of embrittlement. The changes 
which occur in the samples at 190 °C are detrimental to their suitability for use as 
binders and must be addressed before the materials can be considered for further 
development.
The use of poly(methoxy-thiocyanurate)s does not have any spectral benefit over the 
use of poly(methoxy-cyanurate)s. However, the replacement of the methoxy group 
with something else that does not absorb at 8.3 jim could possibly afford a material 
with higher transparency.
Enough evidence has come to light at this stage in the project to suggest that problems 
may be being encountered with the isomeric stability of the methoxy-triazine unit in the
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polymer backbone. A number of possible solutions to this problem are discussed in the 
final chapter.
The thiocyanurate polymers appear to have certain advantages over the cyanurate 
materials in terms of molecular weight, lower residual solvent content and, with further 
development, the potential for higher transparency in the 8-12 pm region. However, 
these advantages are largely offset by the tendency of the materials to precipitate or 
crystallise at room temperature when cast as films. The brittleness of the 
poly(thiocyanurate)s made them difficult to form into resilient films for analysis by 
HDR. This was worst in the case of DPSMTC which was very brittle but was less of a 
problem in the samples of DPEMTC. The work presented in the last experimental 
chapter puts aside the problems of transparency and potential isomerisation and 
investigates the potential of terpolymerisation to reduce the low temperature brittleness 
observed with these linear polymers.
Some simple experiments are conducted to investigate whether or not the 
terpoly(methoxy-cyanurate/thiocyanurate)s, resulting from the simultaneous 
polymerisation of aromatic bisphenols and bisthiophenols with MDCT, would offer any 
of the benefits of the thiocyanurate materials. Whilst improving the solubility of the 
materials was the primary aim of the next section, the thermal stability, thermochemical 
behaviour and emissivity in the two atmospheric detection windows of the materials is 
also investigated.
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9.1. Introduction
This chapter describes the terpolymerisation of bisthiophenols and bisphenols with 
MDCT under the phase transfer conditions to yield terpoly(methoxy-cyanurate/ 
thiocyanurate)s. This was done to try and improve the solubility of the resulting 
polymers in chlorinated solvents compared to the straightforward thiocyanurate 
polymers described in chapter 8. Two series of polymers were synthesised. One series 
starts with a polymer which is close in composition to TDPMC and gradually increases 
the relative proportion of bisthiophenol in the polymerisation mixture ending at a 
polymer which is close in composition to DPSMTC. An analogous series was prepared 
using DHPE and DTPE. Details of the polymers are illustrated in Figure 9.1 and are 
summarised in Table 9.1.
All polymerisations were carried out on 0.01 molar scale using a total reaction volume 
of 125 cm3. The PVR of the mixture (org./aq.) was 0.25. The polymerisations were run 
for 18 hours at 30 °C. Each terpolymer was purified by precipitation from solution in 
dichloromethane into hexane and was dried at 80 °C under vacuum for 24 hours. Each 
of the materials produced exhibited excellent solubility in dichloromethane and could 
be cast from 10% solutions to form resilient films for analysis by IR spectroscopy. In 
contrast to the majority of the poly(methoxy-thiocyanurate)s films, no phase separation 
or crystallisation was evident in the body of any o f the films on drying.
OMe OMe OMe
X = -S-----------> Series D
X = -O----------> Series E
Figure 9.1 Structure of terpoly(methoxy-cyanurate / thiocyanurate)s
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Table 9.1 Terpoly(methoxy-cyanurate/methoxy-thiocyanurate)s
Identifier Bisphenol Bisthiophenol Polymer Comments
(Molar ratio to (molar ratio Yield (film thicknesses)
MDCT) MDCT) ( %  theor.)
D l TDP (0.50) DTPS (0.50) 80% Resilient film  (10,35 n m )
D2 TDP (0.67) DTPS (0.33) 88% resilient film  (20,45 p m )
D3 TDP (0.75) DTPS (0.25) 85% resilient film  (23,56 jrn i)
D4 TDP (0.33) DTPS (0.67) 89% resilient film  (14,47 p m )
D5 TDP (0.25) DTPS (0.75) 90% resilient film  (9,19 p m )
E l DHPE (0.50) DTPE (0.50) 91% resilient film  (15, 55 p m )
E2 DHPE (0.67) DTPE (0.33) 94% resilient film  (30, 33 p m )
E3 DHPE (0.75) DTPE (0.25) 87% resilient film  (21, 55 p m )
E4 DHPE (0.33) DTPE (0.67) 93% fragile film  (10, 14, 40 pm)
E5 DHPE (0.25) DTPE (0.75) 89% fragile film  (8, 55 p m )
9.2. GPC of Terpoly(methoxy-cyanurate /  methoxy-thiocyanurate)s
Samples D l to D3 and E l to E3 were analysed by GPC in the form of 0.01% w/v 
solutions in DMAc. at 60 °C. Samples D4, D5, E5 were insoluble in DMAc at 60 °C 
and thus could not be analysed. This lack of solubility is interesting to note as both 
DPSMTC and DPEMTC are sufficiently soluble in DMAc to be analysed. The results 
for the two sets of samples are presented in Table 9.1, along with plots of the 
molecular mass distributions in Figure 9.2 and Figure 9.3.
Table 9.2 Molecular mass averages of terpo!y(methoxy-cyanurates -thiocyanurate)s 
determined by gel-permeation chromatography
Name Mn
(Daltons)
Mp
(Daltons)
Mw
(Daltons)
M.
(Daltons)
Mt*
(Daltons)
My/Mn Xn P
D l 13000 32000 37000 69000 101000 2.85 76 0.986
D2 17000 46000 52000 102000 154000 3.06 101 0.991
D3 8000 28000 33000 72000 114000 4.12 48 0.979
E l 7000 17000 26000 62000 103000 3.71 43 0.977
E2 5000 14000 22000 57000 96000 4.40 31 0.968
E3 13000 29000 38000 77000 119000 2.92 81 0.988
E4 5000 14000 21000 54000 93000 4.2 30 0.967
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log(Mw)
Figure 9.2 Molecular weight distributions for terpoly(methoxy-thiocyanurate /  methoxy- 
cyanurate)s of TDP and DTPS as determined by GPC in DMAc at 60 °C
log(Mw)
Figure 9,3 Molecular weight distributions for terpoly(methoxy-thiocyanurate / methoxy- 
cyanurate)s of DHPE and DTPE determined by GPC in DMAc at 60 °C
The degree of polymerisation and the extent of reaction were also calculated for each 
sample. It was assumed that the bisphenol and bisthiophenol monomers were equally 
reactive to polymerisation with MDCT and that they were incorporated into the 
polymers in direct proportion to the stoicheometry of the polymerisation system. As all 
of the terpolymers prepared in series D and E could be cast as films that could be 
isolated for analysis by HDR/HDT it is presumed that samples D4, D5 and E5 were 
also of moderate to high molecular weight.
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9.3. TGA ofTerpoly(methoxy-cyanurate-thiocyanurate)s
With this series of materials it was expected that the thermal stability should still be 
acceptable for our application. To confirm this dynamic TGA measurements were 
made under nitrogen up to a temperature of 490 °C. The results are presented in 
tabular form in Table 9.3. and are plotted in Figure 9.4 and Figure 9.5.
Table 9.3 Thermogravimetric analysis of terpoly(methoxy-cyanurate-thiocyanurate)s 
under nitrogen, (flowrate 50 cm3.m in1)
P o ly m e r T i%  
C O
t 2%
c o
T s%
C Q
T s%
C Q
Tio%
CQ
r 2tt%
CQ
j b
max
C Q
%  R e s id u e  
a t  4 9 0  ° C
D l 290 333 345 356 368 382 377 55
D2 326 348 357 366 377 391 387 54
D3 158 299 342 359 372 387 380 53
D4 326 343 350 358 368 384 372 60
D5 333 346 351 358 367 384 372 61
E l 182 290 346 363 378 390 385 54
E2 234 272 306 352 372 387 389 50
E3 160 274 336 368 384 397 397 51
E4 224 301 325 341 357 375 369 54
E5 171 271 337 356 370 380 378 57
The TGA results are exactly as might be expected given the results for simple 
copoly(methoxy-cyanurate)s and copoly(methoxy-thiocyanurate)s. Increasing the 
proportion of bisthiophenol in the polymerisation mixture increases the char yield at 
490 °C very slightly. The char yield observed for the two polymer with compositions 
close to those of DPEMTC and DPSMTC exhibit very similar thermal stability.
All of the samples exhibit the onset of significant weight loss at temperatures in excess 
of 350 °C. From previous results this would suggest that all the polymerisations have 
proceeded according to plan and do not contain significant amount of residual 
monomer. The terpoly(methoxy-cyanurate-thiocyanurate)s do not exhibit the 1-2%
a Tx% -  temperature at which x% weight loss is observed.
b Temperature of maximum weight loss as determined from the derivative of the weight loss / temperature curve.
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weight loss at low temperatures which are characteristic of poly(methoxy-cyanurate)s 
synthesised by this method. It chapter 8 it was reported that linear poly(methoxy- 
cyanurate)s were less soluble in chlorinated solvents than linear poly(cyanurate)s. It 
would be reasonable to expect terpolymers containing a mixture of both cyanurate 
thiocyanurate repeat units to exhibit intermediate solubility. This is in good agreement 
with the experimental observation that the materials are all soluble in dichloromethane 
but appear to have lower levels of occluded solvent after purification.
In terms of decomposition temperatures in nitrogen both series of terpoly(methoxy- 
cyanurate/ thiocyanurate)s behave in a very similar fashion to the cyanurate and 
thiocyanurate materials already encountered in previous chapters.
T G A
%
TemptC]
Figure 9.4 TGA analysis of series D terpoly(methoxy-cyanurate / methoxy-thiocyanurate)s 
under nitrogen
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TGA%
Temp[C]
Figure 9.5 TGA analysis of series E terpoly(methoxy-cyanurate /  methoxy-thiocyanurate)s 
under nitrogen
9.4. DSC of Terpoly(methoxy-cyanurate-thiocyanurate)s
As all of the polymers described in previous chapters have, undergone exothermic 
changes on heating to 300 °C it was expected that the terpolymers studied in this 
chapter should behave in a similar fashion. Examination of the DSC curves illustrated 
in Figure 9.6 and 9.7 confirms this. All of the samples undergo very similar exothermic 
changes. The onsets of the exotherms are typically in the region of 140 °C which 
comparable to the onset temperatures observed for the poly(thiocyanurate)s described 
in chapter 8.
The conformational plots of the ether and thioether linkages in cyanurates and 
thiocyanurates presented in chapter 5 suggest that the two structural units differ in 
their flexibility. According to how many methoxy-triazine units have undergone 
isomerisation, differences in the glass transitions of the materials determined during the 
second DSC run may be expected between these terpolymers and their corresponding 
parent systems. The DSC curves obtained on the second cycle to determine the glass 
transition temperatures of the samples in series D and E can be seen in Figure 9.8. and 
Figure 9.9 respectively. For sample of comparable molecular weight, increasing the 
proportion of bisphenol in the polymerisation mixture appears to increase the glass
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transition temperature of the material after it has been heated to 300 °C. All the 
samples exhibit weak endotherms after the glass transition close to 230 °C.
Table 9.4 Thermal transitions of terpolyfmethoxy-cyanurate / methoxy-thiocyanurate)s 
detected by DSC
P o ly m e r T8i
( ° Q
T *■1 V
C O
Tip
( ° C )
TP
c o
T ep
C O
T \
C O
A H P
(J* 1)
A H p
(k J .m o t1)
TS2
(° C )
D l 125 143 165 201 233 254 150 51.2 183
D2 123 144 162 198 235 244 150 50.4 190
D3 105 144 164 196 233 246 150 50.0 190
D4 108 140 168 207 236 246 140 48.5 179
D5 112 144 169 207 235 256 140 48.9 173
E l 122 139 157 192 228 235 180 58.6 187
E2 - 142 154 184 226 228 140 44.8 172
E3 - 146 159 186 233 235 150 47.6 198
E4 131 140 168 207 236 246 130 43.0 174
E5 107 142 162 193 224 246 130 43.3 170
Weak endothermic transitions prior to the exotherms are apparent in all except for 
samples E2 and E3. In general the exotherms observed are very similar with onsets 
close to 140 °C, peaks at between 190 and 210 °C and endsets between 228 and 255 
°C. The enthalpy of the exothermic processes are, once again, very similar to those 
observed when poly(methoxy-cyanurate)s are heated. In the second heating runs, the 
weak endotherm near to 230 °C is seen in all samples. This behaviour is very similar to 
that of the poly(methoxy-thiocyanurate)s.
On the whole, the terpoly(methoxy-cyanurate-thiocyanurate)s fit the first order kinetic 
model in a similar fashion to the poly(methoxy-thiocyanurate)s. For all the samples 
except for D4 and E5, the activation energies are very similar. There does not appear 
to be any systematic relationship between polymer composition and the activation 
energy for the exothermic process. This lack of correlation has also been encountered 
in previous chapters.
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DSC
fflW
Temp[C]
Figure 9.6 DSC analysis of series D terpoIy(methoxy-cyanurate/ methoxy-thiocyanurate)s 
under nitrogen - first heating cycle to 300 °C (heating rate lOK-min'1)
DSC
mW/mg
100.00 200.00 300.00
Temp[C]
Figure 9.7 DSC analysis of series E terpoly(methoxy-cyanurate/ methoxy-thiocyanurate)s 
under nitrogen - first heating cycle to 300 °C  (heating rate lOK.min"1)
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DSC
mWfmg
Temp[C]
Figure 9.8 Glass transitions of series D terpoly(methoxy-cyanurate/ methoxy-
thiocyanurate)s after heating to 300 °C by DSC (heating rate 20K.min'1)
DSC
m W
Temp[C]
Figure 9.9 Glass transitions of series E terpoly(methoxy-cyanurate/ methoxy-
thiocyanurate)s after heating to 300 °C by DSC (heating rate 20 K.min'1)
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Table 9.5 Arrhenius parameters from DSC analysis of terpoly(methoxy-cyanurate / 
methoxy-thiocyanurate)s
Polymer Upper
Temp.
Lower
Temp.
%ge
AHP
R 2 Ea
kJ.m ol1
D l 158 225 95 0.991 179
D2 155 224 95 0.996 179
D3 155 222 95 0.997 184
D4 154 218 92 0.994 165
D5 150 215 78 0.996 165
E l 157 220 96 0.994 189
E2 156 215 96 0.995 198
E3 159 218 93 0.996 181
E4 154 211 71 0.996 159
E5 162 234 96 0.998 195
9.5. FTIR Analysis of Terpoly(methoxy-cyanurate-thiocyanurate)s
9.5.1. Q ualitative IR  analysis
IR spectra of two polymers at the extremes of each terpolymerisation series are 
depicted in Figure 9.10 and Figure 9.11 Interpretation of these two figures is not 
straightforward as the two samples have significantly different thicknesses and certain 
bands of interest have reached saturation, notably those close to 8.3 pm and 7.9 pm in 
the D3 sample. On the whole the spectra are very similar indeed to those recorded for 
the cyanurate and thiocyanurate polymers in chapters, 4, 6,7 and 8.
These spectra do not provide any additional information about the chemical nature of 
the terpolymers. This is not altogether unexpected as the major changes would 
expected to be close to 8.3 pm. The number of very strong bands in close proximity to 
this part of the IR spectrum appear to swamp any additional bands which might be 
result from stretching modes around a triazine ring bearing a C-O-C and a C-S-C 
linkage.
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Figure 9.10 HDT spectra for two polymers from series D
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Figure 9.11 HDT spectra of two polymers form series E 
9.5.2. Q uantitative IR  analysis
With the materials considered in this chapter, the main point of interest is the effect 
that gradual incorporation of bisphenol into the bisthiophenol-MDCT system has upon 
the IR transparency close to 8.3 pm. The reader is reminded that the thiocyanurate 
materials were used to reduce bands in this region but embrittlement and phase 
separation was encountered with many of the systems which contained large numbers 
of thiocyanurate moities. When very thin films are studied the strong bands close to 8.3 
pm are a long way from saturation and the transparency of the materials will be very 
sensitive to changes in composition. The range of thicknesses over which the 
emissivities of the samples would be sensitive to changes in chemical composition was 
not obvious from available data.
16.00
W avelength (|im )
W avelength (nm)
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Two films of each of the polymers in both of the two series were prepared and 
subjected to a complete HDT/HDR analysis. The results of this are summarised in 
Table 9.6. Although there are variations in the emissivities of different samples they do 
not seem to be logically related to the polymer composition. It is more likely that the 
differences are systematic errors introduced by interpolating the results from 
measurements made on films of different thicknesses for different materials.
These results further highlight the necessity to make measurements on two films of 
different thicknesses which are not opaque at any one wavelength. This is absolutely 
essential when dealing with materials which have a wide saturation bandwidth. The 
terpoly(methoxy-cyanurate-thiocyanurate)s appear to have very similar spectral 
properties to all of the other materials prepared in this work. The improvement in 
physical properties compared to the poly(methoxy-thiocyanurate)s which is afforded 
by the introduction of more oxygen atoms into the backbone is not associated with any 
deterioration in spectral transparency. This is not entirely surprising as few differences 
were apparent between the transparency of the cyanurate and thiocyanurate polymers.
Table 9.6 HDT, HDR and HDE results for series D and E (interpolated to 50 jam )
HDTQ98K. 0°) HDR1298K. 5°) Emissivity (298X0°)
sample 3-5/uni S-12pm 2-14fim 3-5pm 8-12pm 2-14fim 3-5gm $-12pm \-14pm
D l 0.76 0.12 0.16 0.10 0.13 0.13 0.14 0.76 0.72
±0.02 ±0.02 ±0.02 ±0.03 ±0.00 ±0.00 ±0.06 ±0.02 0.04±
D2 0.72 0.19 0.19 0.11 0.13 0.13 0.16 0.68 0.68
±0.03 ±0.04 ±0.04 ±0.01 ±0.01 ±0.01 ±0.04 ±0.06 ±0.05
D3 0.74 0.26 0.30 0.13 0.14 0.14 0.13+ 0.60 0.56
±0.01 ±0.08 ±0.09 ±0.01 ±0.00 ±0.00 0.02 ±0.09 ±0.09
D4 0.76 0.17 0.23 0.15 0.14 0.14 0.09 0.68 0.63
±0.02 ±0.05 ±0.06 ±0.01 ±0.01 ±0.01 0.04± ±0.06 ±0.06
D5 0.77 0.31 0.34 0.12 0.12 0.12 0.11 0.57 0.54
±0.01 ±0.10 ±0.10 ±0.01 ±0.00 ±0.00 ±0.03 ±0.10 ±0.11
E l 0.73 0.18 0.26 0.10 0.11 0.10 0.17 0.73 0.64
±0.03 ±0.10 ±0.12 ±0.03 ±0.03 ±0.03 ±0.06 ±0.09 ±0.15
E2 0.68 0.14 0.17 0.12 0.13 0.13 0.20 0.73 0.70
±0.02 ±0.04 ±0.05 ±0.01 ±0.00 ±0.01 ±0.03 ±0.04 +0.05
E3 0.70 0.18 0.22 0.12 0.14 0.14 0.18 0.67 0.63
±0.02 ±0.02 ±0.04 ±0.05 ±0.01 ±0.00 ±0.03 ±0.04 ±0.05
E5 0.73 0.20 0.26 0.10 0.09 0.09 0.17 0.70 0.65
±0.04 ±0.05 ±0.06 ±0.02 ±0.01 ±0.01 ±0.06 ±0.06 ±0.07
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9.6. Elemental Analysis of Terpoly (methoxy-cyanurate- 
thiocyanurate)s
The terpoly(methoxy-cyanurate-thiocyanurate)s were subjected to the normal CHN 
analysis and the results are tabulated in Table 9.7 and Table 9.8.
Table 9.7 Elemental analyses of terpoly(methoxy-cyanurate-thiocyanurate)s of series D
Sample Dl D2 D3 D4 D5
Formula C32H22N6O4S4 C48H33N90 7S5 C64H44N 12Oi oSg C4gH33N905S7 C64H44N12O6S10
Obs. (Calc). Obs. (Calc.) Obs. (Calc.) Obs. (Calc.) Obs. (Calc.)
%wt Carbon 56.28 (56.29) 57.30 (57.18) 58.21 (57.64) 55.39 (55.42) 54.92 (54.99)
%wt Hydrogen 3.24 (3.25) 3.18 (3.30) 3.45 (3.33) 3.02 (3.20) 2.94 (3.17)
%wt Nitrogen 11.72 (12.31) 12.12 (12.50) 12.07 (12.61) 11.61 (12.12) 11.45 (12.03)
C/N Ratio 4.80 (4.57) 4.73 (4.57) 4.82 (4.57) 4.77 (4.57) 4.80 (4.57)
C/HRatio 17.39 (17.33) 18.02 (17.33) 16.87 (17.33) 18.37 (17.33) 18.71 (17.33)
N/H Ratio 3.62 (3.79) 3.81 (3.79) 3.50 (3.79) 3.85 (3.79) 3.90 (3.79)
Table 9.8 Elemental analyses of terpoly(methoxy-cyanurate-thiocyanurate)s of series E
Sample E la E2 E3 E4 E5
Formula Q a E h H A S a C48H33N9Oi oS2 C48H33N908S4 Cg4H44Ni20ioS6
Obs. (Calc). Obs. (Calc.) Obs. (Calc.) Obs. (Calc.) Obs. (Calc.)
%wt Carbon 59.33 (59.07) 60.39 (60.05) 60.77 (60.56) 57.39 (58.11) 58.07 (57.64)
%wt Hydrogen 3.45 (3.41) 3.72 (3.46) 3.60 (3.49) 3.27 (3.35) 3.42 (3.33)
%wt Nitrogen 12.09 (12.92) 12.13 (13.13) 12.50 (13.24) 11.72 (12.71) 11.80 (12,61)
C/N Ratio 4.91 (4.57) 4.98 (4.57) 4.86 (4.57) 4.90 (4.57) 4.92 (4.57)
C/H Ratio 17.22 (17.33) 16.23 (17.33) 16.90 (17.33) 17.58 (17.33) 16.98 (17.33)
N/H Ratio 3.51 (3.79) 3.26 (3.79) 3.48 (3.79) 3.59 (3.79) 3.45 (3.79)
The elemental compositions were in good agreement with the degree of conversion 
calculated from the GPC data. In all the samples the nitrogen content was low 
suggesting that slightly more of the polymers chains might be terminated with 
phenoxide or thiophenoxide groups rather than hydroxy-triazines groups. This would
a Sample E1ANN gave 58.88 %C, 3.21 %H, 12.27 %N
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be expected if the extent of polymerisation was primarily limited by hydrolysis of free 
dichlorotriazine. The sample of El which was heated to 300 °C in air did not show any 
change in elemental composition beyond what might be expected for elimination of a 
very small amount of residual solvent.
9.7. ]H  a n d 13C  N M R  o f  Terpoly(m ethoxy-cyanurate-thiocyanurate)s
Samples of Dl and El were analysed by to  and 13C NMR in CDCls for comparison 
with the spectra of DPEMTC, DPSMTC, TDPMC and DPEMC. The spectra are 
presented in . DEPT was used to assist in the peak assignments.
31
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Figure 9.12 Structural units present in terpoIy(methoxy-cyanurate-thiocyanurate)s D l 
and E l
The relationship between the spectrum of Dl to those of DPSMTC and TDPMC 
should be the same as the one between the spectrum of El and those of DPEMTC and 
DPEMC. Each should, in theory give complex aromatic proton and carbon signals 
corresponding to the aromatic backbones attached to three different types of triazine 
unit. Multiple signals are also expected for the methoxy protons and the triazine ring 
carbons. The resonances observed for each material are presented in the two sections 
below. The proton assignments refer to the structure described in Figure 9.12. 
Equivalent protons or carbons in the bisphenol backbone units are referred to by 
quoting their atom number and the index of the repeat unit they are attached to (/, j  or 
k respectively). Assignments on many of the 13C NMR peaks are somewhat tentative as 
the relaxation times of certain quaternary carbons (designated qrt) in these materials 
appear to be very slow. A more powerful instrument may have provided more 
conclusive l3C NMR data.
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9.7.1. N M R  analysis of terpoly(methoxy-cyanurate-thiocyanurate) D l
}H NMR Analysis 300 MHz 6CDCL:
7.60-6.80 (32H, complex multiplet, aromatic backbone protons), 3.94 (s,3H,MeO), 3.88 (s, 6H, 
MeO), 3.79 (s, 3H,MeO) 1.71, 1.24, 0.86, 0.85, 0.63(aliphaticsfrom PT catalyst)
13C NMR Analysis 300 MHz 5CDCL:
183.2 (qrt, C14), 174.0 (qrt,C23) 151.0 (qrt, Cl9t2L), 137.5(qrt, C41j44 between 2 thiocyanurates), 
137,6, 136.2 (C37'39>46'48 adj. to thiocyanurates), 136.0, 133.1(C4it44 between 2 cyanurates), 
132.4(C37,{>,46,48adj. to cyanurates), 132.3, S131.7(qrt), 131.5, 5131.2(qrt), 128.7(qrt),
5122.6(C40,42,45,49adj. to cyanurate), 55.9(MeO k), 55.7(MeO i), 55.4(MeO- j)
The *H NMR spectrum of Dl supports the formation a random copolymer. Three 
different methoxy- signals are visible corresponding to the methoxy functionalities on 
triazine repeat units i, j  and k. (see Figure 9.12). The ratios appear to be approximately 
1:2:1 which would be expected for the random polymerisation of two equally reactive 
diols with MCDT.
The 13C NMR spectrum is less conclusive but still provides some supporting evidence
for the formation of a random terpolymer. Three distinct signals are visible close to
555 which correspond to the three different methoxy- environments. Duplicate peaks
are also apparent for the quaternary backbone carbons indicating a number of different
environments along the backbone. Given the limitations of the spectral data a complete
assignment was considered inappropriate. The obvious assignments based on NMR 
spectra of the parent polymers prepared in chapter 4 and chapter 8 are, however,
listed.
9.7.2. N M R  analysis of terpoly(methoxy-cyanurate-thiocyanurate) (E l)
The lH NMR spectrum of sample El presented similar characteristics to those 
observed with sample Dl. A complex-multiplet in the aromatic region resulting from 
the overlaid peaks observed in the spectra of DPEMTC and DPEMC plus some 
addition peaks indicated a mixture of aromatic environments resulting from the 
terpolymerisation. The overlaid spectra of DPEMC, DPEMTC and El between peaks 
of the region corresponding to the methoxy-proton signals can be seen in Figure 9.13.
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to  NMR Analysis 300MHz SCDCL:
7.51-6.80 (32H, Complex aromatic multiplet), 4.08(s, weak), 3.97(3H, s, MeO), 3.89 (6H, s, MeO), 
3.79(3H, sMeO), 3.28, 1.71, 1.24, 0.86, 0.85, 0.63 (protons from PTcatalyst)
13C NMR Analysis 300 MHz SCDCh:
186.05(qrt C), 183.2(C14), 173.7(C23), 171.6 (qrt), 171.2(C10i12), 158.0 (C41M between 2 
thiocyanurates), 157.9 (C4l,44 between 1 thiocyanurate and 1 cyanurate), 154.9 (C4jt44 between 2 
cyanurates), 154.8(tertiary C), 147.4 (C2847 adj. cyanurates),, 137.4 (C40,42,4s,4p between 
cyanurates), 137.3(tert. C), 131.0 (qrt C), 122.9 ((C37i39,46i48aadj. cyanurates), 122.0 (C4l,44 
between 21 cyanurates), 120.3(tert. C), 119.8 (C40,42,45,49 between thiocyanurates), 119.70, 119.6 
(C40.42,45,49  between cyanurates), 119.1 0, 118.90 0, 118.70, 55.9(MeOk), 55.6(MeOi), 55.3(MeO 
j), 53.6(tert. C), 29.8(qrt. C)
Figure 9.13 XH  NM R peaks for the methoxy-protons in terpoly(methoxy-cyanurate- 
thiocyanurate) E l
El is the polymeric product formed by the copolymerisation of a 50/50 mixture of 
DHPE and DTPE with MDCT. It should contain three different triazine units as 
depicted in Figure 9.12. The to  NMR of El supports this as three distinct signals are 
visible for the methoxy protons. Two of the signals correspond directly to those 
observed for DPEMC and DPEMTC. The third, which appears at a chemical shift 
intermediate to the other two, is the signal for the protons of the methoxy substituent 
attached to a triazine ring bearing a phenoxy and a thiophenoxy moiety. The integral 
ratios for the three methoxy signals in El and Dl are approximately 1:3:1. However
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there is overlap of the tails of the two side peaks and the central peak. A repeat of the 
integration of the three regions after Fourier self deconvolution using GRAMMS 
(Galactic Industries) gave a ratio of 1:2:1 which is the statistical ratio expected for two 
equally reactive monomers reacting with MDCT in a random fashion.
9.8. Conclusions fro m  the Study o f  Terpoly (m ethoxy-cyanurate-
thiocyanurate)s
This section of work has shown that replacing a certain percentage of the thioether 
linkages in the copoly(methoxy-thiocyanurate)s with ether linkages increases the 
flexibility of the resulting polymers and decreases their tendency to precipitate from 
solution. Comparing the qualitative resilience of samples E2 and E4 (which are of 
equivalent molecular weight) demonstrates clearly that increasing the percentage of 
thioether linkages in the backbone of the polymers increases their brittleness quite 
considerably. It would be interesting to acquire some mechanical testing data of these 
samples to try and quantify this effect The effect of backbone sulphur content on the 
mechanical properties of the linear poly(cyanurate-thiocyanurate) must be taken into 
account if they are considered for further development at a later date.
In keeping with the findings of chapter 8, increasing the sulphur content of the 
polymers appears to reduce their solubility in non-chlorinated solvents considerably 
and appears to afford lower solvent retention when the polymers are cast from 
solutions in dichloromethane.
At thicknesses of 50 pm there is no difference between the emissivities of the methoxy- 
cyanurate-thiocyanurate polymers and the methoxy-cyanurate materials presented in 
chapter 4. The almost statistical co-reaction of the thiophenol and phenol moieties in 
the polymerisation mixture with MDCT has been shown by NMR to produce three 
different methoxy-triazine units.
This concludes the experimental work carried out in this project. The final chapter now 
attempts to draw the various results together in discussion of the findings of this 
research.
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10.1. O verview  o f  the P ro ject
This project has formed the first phase of an extended research programme into the 
development of binder systems for low observable paints. Preordained selection criteria 
were used to select candidate materials. One family of materials which appeared to match 
certain of these criteria has been studied in detail and attempts have been made to modify 
their IR emissivity and physical properties to improve their suitability for use in the 
application. This section summarises the achievements of the project. Later sections in this 
chapter discuss aspects of the project in more detail and outline suggestions for further 
work and directions which may provide solutions to the production of binders for high- 
peiformance low-observable coatings.
In the course of synthesising candidate materials for evaluation for infrared emissivity, the 
following has been achieved.
1. It has been confirmed that phase-transfer polymerisation methods recently described in 
the literature ' for the synthesis of linear aromatic cyanurate polymers yield polymers 
with acceptable molecular weights at ambient temperatures. These polymers have been 
characterised using TGA, DSC, GPC, FTIR, NMR and elemental analysis. Early studies 
support the formation of linear, aromatic, thermally stable materials. The polymers are 
generally soluble in chlorinated solvents and can be cast as clear resilient films.
2. It has further been shown that phase transfer polymerisation can be used with bisthiols 
to produce analogous thiocyanurate polymers containing sulphur in the polymer 
backbone and cyanurate-thiocyanurate polymers containing both sulphur and oxygen in 
the backbone. These materials exhibit very similar thermochemical and 
thermomechanical stability to their cyanurate analogues.
3. In agreement with other workers130, this work has shown that in order for linear 
cyanurate polymers to be soluble in chlorinated solvents and to reach high molecular 
weights by interfacial polymerisation, it is necessary to use dichlorotriazines which bear 
an alkoxy- functionality to maintain solubility of the polymer in the organic phase 
throughout the polymerisation.
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4. The aromatic linear cyanurate polymers synthesised have been shown to meet the 
thermoxidative stability and solubility requirements of the project. They also exhibit 
significantly lower emissivity between 3 and 5 pm than the poly(urethane) binders 
currently employed in many military aerospace coatings. However, these materials 
exhibited higher than acceptable emissivities between 8 and 12 pm and suffered from a 
lack of thermochemical stability on heating to temperatures of 200 °C. A number of 
hypotheses to remedy these problems were devised on the basis of available literature 
and molecular simulations and were investigated further.
5. Chlorination of the aromatic repeat units for these materials has been shown to be 
ineffective as a method of reducing the intensity of the backbone absorptions due to 
aromatic C-H substitution patterns. Various problems including: brittleness, low 
solubility and retention of chlorinated solvents were encountered when highly 
chlorinated aromatic structural repeat units were incorporated into the polymer 
backbones.
6. The use of thiocyanurates was proposed as a way of shifting the strong band observed at 
8.3 pm in the IR spectra of cyanurates to outside the 8 to 12 pm detection window. 
This step was successful and the band shifted in excellent agreement with predictions 
based on semi-empirical normal modes calculations and model compound studies. The 
emissivities of the thiocyanurate polymers were thoroughly investigated. Unfortunately, 
the strategy did not afford a reduction in emissivity. An absorption was found under the 
band which had been moved which was of sufficient intensity to almost render samples 
50 pm thick opaque at its peak maximum. Thiocyanurate polymers were found to be 
unacceptably brittle at room temperature and had a tendency to precipitate from solution 
in chloroform which precluded their use as binders without further development.
7. Terpolymerising bisthiophenols and bisphenols with methoxy-dichlorotriazine in suitable 
ratios was shown to yield materials which were less brittle and less likely to precipitate 
from solution than their parent thiocyanurate polymers. The terpolymers gave very 
similar transparencies to the cyanurate materials prepared earlier in the project. All 
materials containing methoxy-triazine units suffered embrittlement on heating to 200 °C. 
This embrittlement is associated with an exothermic process detectable by DSC.
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8. In the course of this project the nature of the exothermic change which occurred when 
all methoxy-triazine polymers were heated to 200 °C was investigated. The early stages 
of the project followed the hypothesis forwarded by earlier research groups59,132"137 
which suggested that the exotherm was due to crystallisation. The data acquired in the 
course of this project does not wholly support this hypothesis. IR spectroscopic 
evidence and a model compound study presented in chapter 5 showed that the methoxy- 
triazine moiety can undergo isomerisation to yield a cyclic amide at 200 °C. X-ray 
powder diffraction analyses of a representative selection of the materials synthesised 
showed no indication of crystalline structure. It is, therefore, concluded that 
isomerisation and not crystallisation is the dominant exothermic process which occurs in 
methoxy-triazine polymers on heating.
The following work has been completed relating to the prediction and interpretation of DR.
spectra using computational methods.
1. The PM3 semi-empirical quantum mechanical method has been thoroughly evaluated for 
a series of monocyclic aromatic compounds. This evaluation has shown that while the 
method does not provide systematically good results for all forms of vibrational mode, 
the errors for a particular type of mode are generally reproducible and post-hoc scaling 
of individual modes assists interpretation considerably. In terms of using the method in a 
predictive manner it was found that the best approach was to choose a general scaling 
factor that gives acceptable results for a particular type of mode of interest. Thus if a 
study of triazine ring modes is being undertaken a scaling factor should be selected that 
brings a well defined peak in the predicted spectrum of triazine into line with experiment 
in the waveband of interest.
2. This evaluation of the PM3 method run under Cerius2 also concludes that the animation 
of the normal modes based on the PM3 calculation is invaluable in mode assignment and 
provides a useful tool in designing materials with tailored infrared properties. Such an 
approach was used successfully to identify the nature of the strong C-O-C stretching 
mode observed in the 8.3 pm in the DR. spectra of linear cyanurate polymers. The shift 
predicted by PM3 upon replacement of the oxygen with sulphur to below 8 pm was in 
good agreement with that observed by experiment, further illustrating the utility of PM3 
in the study of specific vibrational modes. The method is particularly useful when
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comparing differences in the vibrational behaviour of molecules which share similar 
geometries but which differ in their elemental composition.
3. An evaluation of the DACF method using the UFF parameter set has been completed. 
Comparison of the predicted dipole spectra with literature results shows that the method 
performs well for certain types of mode encountered in aromatic compounds 
(particularly C-H stretches and C-H out-of-plane deformations). Ring C=C and ring 
C=N stretching frequencies are invariably over estimated. This suggests that some 
modification of the angle terms and/or bond terms for aromatic carbons may be required 
if the method is to be improved. This problem could possibly arise from the fact that 
many molecular mechanics force-fields are parameterised to give realistic structural data 
at OK (compared to experimental data acquired at 298K) and are not balanced to give 
realistic dynamic behaviour at ambient simulation temperatures (i.e. 298K).
4. A basic methodology for carrying out DACF spectral prediction has been developed. 
The optimum timestep for the study of the IR region was found to be 0.0008ps. The 
simulations in the evaluation were run for 30000 iterations. It is recommended that more 
iterations be employed. It is essential that charges be updated at regular intervals 
throughout the dynamics simulation. Failure to do this results in significant variations in 
band intensities. The major problems encountered in the use of the DACF method was 
the wide variation in band intensities encountered across a given spectrum. A source of 
this problem was found to be the dominance of modes which acted along the axis of the 
dipole moment of the molecule. Resolution of the DACF into Cartesian components was 
found to circumvent this problem but the approach was found to be of limited utility for 
all but the simplest of molecules.
5. Conclusions have been reached about the usefulness of the two simulation methods 
investigated. This thesis recommends that the DACF method combined with UFF should 
not be used universally for the design of polymers with tailored IR properties. The 
DACF method itself is not flawed but requires a significantly improved parameter set to 
allow the predicted spectra to be used with any degree of confidence. The prediction of 
spectral intensities remains a major stumbling block for DACF. The absence of reliable 
intensity data makes spectral assignment and evaluation of the method very difficult. The 
use of a normal modes approach under PM3 or a more accurate computational method
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is recommended as it assists in the visualisation of the vibrational modes expected for a 
wide range of materials. There will undoubtedly be further developments in MM force 
fields for the prediction of vibrational frequencies155. Advances in this area should be 
monitored on a regular basis as an accurate computational tool for the prediction of 
vibrational modes for complex polymers would prove an invaluable aid in the design of 
novel materials.
6. The grid search studies of the aromatic structural repeat units of the aromatic polymers 
demonstrated that thiocyanurates are expected to experience greater rotational freedom 
than their analogous cyanurates. This would seem to correlate with the tendency of the 
thiocyanurate polymers to undergo solvent induced crystallisation in the body of films 
cast from solutions in chloroform. If the problem of isomerisation can be overcome 
these data could provide a useful source of information for explaining differences in their 
relaxational behaviour. Similarly the y/-(j) plots generated for different backbones provide 
a useful set of energetic terms which could be useful in trying to explain differences in 
the relaxational behaviour of a number of aromatic polymers and in building more 
realistic molecular models of aromatic polymers containing triazine rings.
Having outlined the achievements of the project, the following sections develop certain 
conclusions drawn from the experience of the research programme. The areas addressed 
are: materials selection for low observable binders, control of the polymer properties (z.e. 
optical transparency and mechanical properties) and finally the development of 
experimental methodology in terms of materials analysis and synthetic methods.
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10.2. M a te ria ls  E valuation  and  Selection
10.2.1. The importance of different m aterial properties
At the start of the project there were no limitations set on the range of materials to be 
considered. Given such a wide scope and the need to conform to a very stringent set of 
requirements, it was necessary to make some wide ranging assumptions early on to select a 
starting point for the synthetic work. The emphasis was placed on the materials with high 
thermal stability and so the focus of research was placed firmly upon aromatic polymers. It 
is clear now, that a better starting point could have been selected as on the basis of this 
research, all predominantly carbo-aromatic materials would be expected to give 
unacceptably high emissivities between 8 and 12 pm.
However, there are still a number of important lessons which have been learned from the 
approach adopted in this project. Three aspects were considered in the choice of candidate 
materials. These dictated the direction of research and were: stability (both chemical and 
mechanical), IR transparency and finally solubility. Each criterion has been refined in light 
of the experience gained in this project and is discussed below.
10.2.2. Therm al stability
This was the initial parameter used to select the family of materials for study and was 
defined in terms of thermoxidative stability and Tg. This was because the project aimed to 
develop a material for application at elevated temperatures. Having decided upon a family 
of aromatic polymers, the chemical structures of the monomers were modified in attempts 
to change the IR transparency. It was assumed the IR transparency would be the easiest 
material property to change on the basis that many families of materials (elastomers, 
thermoplastics, thermosets etc.) comprise materials with very similar mechanical and 
thermal properties which are based on a wide range of different chemistries. It was hoped 
that this would give adequate scope for the improvement of the IR transparency.
The thermooxidative stability of poly(ethylene) has been shown to be acceptable for the 
project (see chapter 2). Its main shortcoming was that it melts well below the application 
temperature set for this project and that it does not meet the Tg requirement. Since the start
10.2 Materials Evaluation and Selection
Chapter 10 Discussion 252
of the project the thermal stability definition used at the beginning of this project has been 
modified. High Tg is not essential for a binder. In fact high Tg can limit the service lifetime 
of a paint surface due to cracking. What is important is that the material does not soften at 
the service temperature so that the integrity of the paint film is not compromised. It would 
seem more suitable to use methods such as Vicat softening or DMA to establish the 
thermomechanical suitability of a material while retaining TGA as the method for screening 
materials on the grounds of thermo-oxidative stability.
10.2.3. IR  transparency
This was ranked as being the second parameter for the selection of candidate materials by 
the rationale described above. In devising solutions to try and improve the IR spectral 
characteristics of the materials, the relative importance of emittance by ‘weak5 bands in 
samples 50 pm thick was seriously under-estimated. This is the reason that the 
modifications implemented in chapters 6 and 8 did not yield significant improvements in 
emissivity in the 8-12 pm region.
In samples 50 pm thick, even very weak IR bands can cause opacity in organic samples. 
The emissivities of aromatic organic polymers which have complex vibrational spectra can 
be insensitive to composition when samples 50 pm thick are being considered. What would 
appear to be more important is the simplicity of the IR spectrum and the ‘saturation 
bandwidth’ of the materials described in previous chapters. While a measure of 
transparency at 50 pm thickness has been set as the criterion for materials selection, spectra 
measured on such thick samples are generally of very little use analytically as the 8-12 pm 
region is often swamped. In light of the findings of this project, IR transparency at 50 pm, 
thickness as opposed to thermal stability, should be ranked as the prime parameter for 
materials selection. It would appear to be ‘easier’ to fine tune the physical and 
thermomechanical behaviour of material than to drastically change its IR spectrum while 
retaining similar physical properties. This conclusion shifts the focus of fixture research onto 
materials such as poly(olefin)s which were excluded from the study at an early stage of the 
project (see chapter 2).
Assessment of 50 pm samples can be achieved in one of two ways. The first approach is to 
prepare samples which are exactly 50 pm thick and measure their transparency directly.
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Given the diversity of materials available and their various processing requirements, 
obtaining samples of identical thickness is not straightforward. The alternative approach, 
used in this project, is to normalise the results to 50 pm using Beer’s Law. In order to do 
this spectral absorption coefficients must be calculated from IR spectra of at least two 
samples of each material. Ideally neither of these samples should exhibit significant opacity 
at any single wavelength in the waveband of interest. A balance has to be struck between 
making samples which are of thicknesses which can be measured with acceptable accuracy 
and errors which might arise from minor opacity in the waveband under consideration.
The experimental protocol adopted for measuring the emissivity used in this project was in 
the early stages of development and did not impose such stringent constraints on sample 
preparation. It is anticipated that problems would be encountered if attempts were made to 
calculate the emissivity of samples significantly thinner or thicker than those used to 
acquire the experimental data for some of the materials. Rather large errors were 
encountered on the determination of transmittances and reflectances of many samples. 
These errors arose primarily from a lack of stability in the sample environment. In the 
protocol used an extremely high flowrate of CO2 free air was passed through the optical 
path of the instrument. Part of this flow was directed at considerable pressure through the 
sample mount (which is adjacent to the blackbody source) and over the surface of the 
sample from two directions. This was done in accordance with the modus operandi 
supplied by the manufacturers. The convergence of these two streams of air caused 
turbulence on the surface of thin film samples and physical damage often resulted. The 
flowrate used for these measurements was far higher than required to maintain a stable 
atmosphere in the HDR but needed to be high enough to cool the sample to prevent 
melting. Modification of the design of the sample mount to reduce turbulence and to find a 
new, less aggressive form of cooling should be considered with a view to improving the 
precision of the measurements on the HDR.
10.2.4. Solubility
The issue of solubility was not considered in great depth in this work. It is, however, 
somewhat worrying that the solubility of all the poly(cyanurate)s which could be cast as 
films seemed to be limited to chlorinated organics. Given the timescale of the project, 
legislation restricting the use chlorinated solvents is likely become more restrictive before
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any discoveries can be commercialised. This should be considered as early in the 
development process as possible.
10.3. C o ntro l o f  Polym er Properties
At various stages in this project, attempts have been made to tailor the properties of the 
materials to improve their performance. In many cases these have been unsuccessful but 
interesting points have arisen from the process of making a structural modification and 
measuring its effect on the property under consideration. The following sections highlight 
points relating to each aspect of the material properties.
10.3.1. Transparency between 3 and 5 pm
The aromatic linear triazinyl polymers showed very good transparency between 3 and 5 
pm. Little difference was observed between poly(cyanurate)s, poly(thiocyanurate)s and 
poly(cyanurate-thiocyanurate)s. The average emissivities of the materials in this waveband 
were lower than those of the polyurethanes currently employed by the MOD. 
Poly(cyanurate)s and poly(thiocyanurate)s polymers have been shown to have very similar 
emissivities at thicknesses of the order of 50 pm. If the problem of isomerisation can be 
overcome linear cyanurate polymers have better potential for use at elevated temperatures 
than conventional poly(urethane) binders.
10.3.2. Transparency between 8 and 12 pm
Low emissivity between 8 and 12 pm has remained elusive with all the materials 
synthesised in the course of this work. The emissivities of the triazine based polymers in 
this waveband are not exceptionally high (many organic polymers are opaque between 8 
and 12 pm at a thickness of 50 pm). However, all steps which were taken to try and reduce 
the emissivity between 8 and 12 pm failed to improve upon the transparency of the linear 
cyanurates produced in the early stages of project.
The apparent difference between the intensities of the aromatic bands between 8 and 12 pm 
in the crosslinked cyanurate material presented in chapter 2 and the linear cyanurate 
materials presented in later chapters was unexpected. It is possible that the differences
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might be explained in terms of an increase in dipole moment induced by the reduction of 
symmetry about the triazine ring resulting from the introduction of the methoxy substituent 
onto the triazine ring. If this is the case a dendritic poly(eyanurate) may provide a solution 
to some of the problems associated with emittance at frequencies associated with aromatic 
C-H in- and out-of-plane deformations. This matter requires further experimental 
investigation. This may be achieved through studies on model polymer networks and 
simulations on models of branched networks.
Sometimes problems were encountered when a particular modification removed one band 
but introduced another. This highlights the problem inherent with using polymeric materials 
with complex vibrational spectra. The approach of trying to shift bands was found to be 
ineffective because of the large number of overlapping bands in close proximity. This 
problem is exacerbated by the use of complex repeat units.
Comparison of the intensities of the aromatic C-H backbone deformations in DPEMTC and 
DPSMTC seem to suggest that there may be a correlation between the dipole moment of a 
repeat unit and the intensities of certain bands in its IR spectrum. This would be in keeping 
with the relationship between transition dipole and IR intensity which arises from theories 
relating to the population of vibrational states. Differences in dipole moments could 
possibly account for the anomalous increase in emissivity due to aromatic C-H 
deformations observed when of the IR spectra of the crosslinked cyanurate film and linear 
cyanurate materials are compared.
In the 3-5 pm region, the spectra of most organics are very simple and the approach of 
removing bands by substitution appears to be quite effective. However, between 8 and 12 
pm this approach has been shown to be ineffective in increasing transparency. The 8-12 pm 
region in general contains bands which arise from very complex vibrational modes which 
are extremely difficult to control. A number of steps can be taken to make tailoring the 
transparency of materials in this waveband easier:
1. Polymers with simple, short repeat units that give rise to a small number of well defined 
bands should be selected. This would minimise problems with overlapping bands 
considerably and according to the 3N-6 rule for the number of normal modes should 
help to keep the saturation bandwidth of the material to a minimum.
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2. Polarity of the backbone repeat units should be kept to a minimum to keep the intensity 
of any IR absorptions in the detection windows as low as possible. This selection 
criterion would have placed poly(olefin)s significantly higher up on the list of candidate 
materials. However polymers with low polarity will have a number of associated 
problems including low solubility in many organic solvents and poor adhesive bond 
strengths to a variety of substrates.
3. If heteroatom-carbon bonds which absorb in the 8-12 pm window are necessary to 
either impart a particular physical property to the material or allow a post-application 
cure then they should be kept to a minimum. Significantly more data on a mole- 
equivalent basis are required to establish the levels of particular absorbing structural 
units which can be tolerated without adversely affecting the emissivity of the material.
Applying these simple points to the cyanurate materials would have directed the study 
away from predominantly aromatic systems. Units involving methylene chains seem to have 
an associated high transparency. By way of academic interest a sample of 
poly(hexamethylene-methoxy-cyanurate) was prepared by the interfaciai condensation of 
hexan-l,6-diol and MDCT under phase transfer conditions for 36 hours. The material was 
isolated as a low molecular weight oil. However, its IR spectrum presented in Figure 10.1 
illustrates the success of the approach well. While the C-O-C band has shifted more 
towards to the centre of the detection window (8.5 pm) compared to the aromatic 
cyanurates, the potential for broadband opacity has been reduced considerably. A notable 
improvement is obvious close to 12 pm where the broad bands due to the aromatic C-H 
out-of-plane deformations are absent.
10.3 Control o f Polymer Properties
Chapter 10 Discussion 257
Wavelength (jim)
Figure 10.1 Poly(hexamethylene-methoxy-cyanurate) oil obtained by PT-polymerisation of 
hexane-1,6,-diol and M D C T 12hrs at 25 °C
An attempt was made to synthesise a thiocyanurate analogue to this material with limited 
success. Much stronger base was required and even under dry reflux conditions the 
thiocyanurate could only be isolated as a weak rubbery material. This was found to be 
unstable and precipitated from solution in chloroform on standing. Unfortunately, a film of 
adequate quality or purity could not be isolated FTIR analysis.
While aromatic linear triazines show potential for use in the 3-5 pm region, it is not 
suggested that they should be considered further for use in the 8-12 pm region. A fresh 
approach using the guidelines listed above could provide more satisfactory results. These 
points have been rationalised in terms of some alternative approaches to the design of new 
materials in section 10.4.
10.3.3. Therm al stability o f linear cyanurate polymers
The major problem encountered with the stability of aromatic methoxy-cyanurates is not 
their lack of thermooxidative stability but rather their thermochemical stability leading to 
embrittlement. All the polymers exhibited behaviour characteristic of semi-crystalline or 
rigid amorphous polymers. The glass transitions prior to heating to 300 °C (Tgj) were very 
weak and generally difficult to identify. Much stronger glass transitions (Tg2)  were observed 
in the second heating run but at significantly higher temperatures than the Tg! .This would 
seem to suggest that there had been a significant change in the nature of the amorphous 
phase; either by a reduction in the degree of crystallinity or chemical change. Nakamura129 
offered an alternative explanation for a reduction in solubility by stating that linear aromatic
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alkoxy-cyanurates crosslink when heated to 200 °C for 60 minutes although his claims 
were not supported by experimental evidence. There are no obvious crosslinking processes 
which could be initiated thermally without the evolution of volatiles. All high temperature 
condensation processes would be expected to give rise to some weight loss and so 
Nakamura’s theory129 does not appear to be compatible with the TGA data of this project.
The degree of crystallinity of all of the samples after heating to 300 °C appears to be low. 
The weak endotherm observed at approximately 250 °C is in good agreement with 
published melting points for similar materials although the enthalpies were not reported. 
The changes observed in the appearance of the sample in the course of the thermal 
treatment suggests that the material softened and flowed. It follows therefore whatever 
transformation of the polymer matrix has taken place, it has done so from the melt. 
Modulated DSC would provide a means for proving or disproving the hypothesis that two 
exothermic processes (and possibly a endothermic melt transition) are taking place 
simultaneously in the sample. The isomerisation would be an irreversible thermochemical 
process and should be readily identifiable using modulated DSC.
An increase in Tg after the exothermic process has taken place would be consistent with a 
change that introduces more polar groups into the backbone of the polymer. Isomerisation 
would result in the formation of carbonyl groups along the backbone of the polymer. It is 
possible that positive deviation from the first order kinetic model could correspond to the 
point at which the temperature rises above the glass transition of the polymer matrix. Braun 
and Ziser’s measurements of the glass transitions of a wide number of poly(cyanurate)s by 
DSC used samples which had been previously processed at high temperatures (up to 300 
°C)138. It is, therefore, unclear whether or not their samples were in the form of cyanurates 
after the first heating cycle.
10.3.3.1.Potential solutions to problems o f isomerisation
In considering ways of improving the resistance of linear cyanurate polymers to 
isomerisation it is interesting to note that Braun and Ziser138 did not report isomerisation of 
their sample on heating to 300 °C. While existing literature would suggest that ethoxy- 
triazines should undergo thermal isomerisation, it is possible that the introduction of bulkier 
alkyl groups onto the triazine ring, might increase the resistance of the repeat unit to 
isomerisation. A few alkyl-cages cyanated at the bridgehead positions have been shown to
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form stable alkyl cyanurates126 and may provide an interesting starting point to investigate 
this matter further. Amino-substituted dichlorotriazines have also be used in condensation 
reactions with aromatic bisphenols108,156. These would also be expected to be resistant to 
isomerisation and should, therefore, be investigated in future studies.
An alternative approach to solving the problem of isomerisation is the use of alkylmercapto 
susbstituents. These materials are known not to undergo isomerisation at elevated 
temperatures120,145,146. Kondo recently used methylmercapto-dichlorotriazine in a 
copolymerisation with DTPS154 and encountered problems with solubility and precipitation 
from solution. However, as the same problems were encountered in this study with a 
methoxy-substituted thiocyanurate polymer it should not be inferred that the use of a 
methylmercapto-susbstituent would reduce the solubility of the polymer significantly.
10.3.4. Controlling the polymerisation more effectively
The phase transfer polymerisation method used in this thesis has a number of attractive 
points. It produces materials with interesting properties at room temperature, the polymers 
are easily separated from the reaction mixture by straightforward phase separation methods 
and the starting materials are comparatively cheap. However, there are other points which 
need addressing. The broad molecular weight distributions observed in some 
polymerisations suggest that the polymerisation is terminating at a comparatively early 
stage. Typically, conversions of between 95 and 98% were observed. The degree of 
polymerisation attained is thought to be governed primarily by the lifetime of the reactive 
chlorotriazine species in contact with aqueous base. It would be preferable if the increase in 
molecular weight was limited in a controlled fashion as opposed to relying on an 
uncontrolled hydrolysis reaction. From recent literature130,134"138 it would appear that a 
change in phase-transfer catalyst may be advantageous. This could have implications for the 
cost of the materials as some of the more exotic phase transfer catalysts can be quite 
expensive.
The brief study of the polymerisation system using a cavitation mixer showed a remarkable 
increase in reactivity. Apparently very high molecular weight, insoluble materials were 
formed after a reaction times 10 times shorter than those used in the main project. The use 
of cavitation mixing was considered at a late stage in the project. As the resulting materials
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were not soluble it was decided that the normal mixing method should be retained. The 
possibility of using cavitation mixing is interesting as it appears to allow the polymerisation 
to be driven to a greater extent of conversion without the need for more expensive phase 
transfer catalysts. The dramatic increase reactivity encountered when cavitation mixing is 
used also opens up the possibility of controlling the molecular weight of the linear 
cyanurates by the addition of monofunctional phenoxide. This could be very useful for 
synthesising polymers with carefully controlled end-groups which may be useful in 
incorporating the materials into a crosslinkable coating system. It is interesting to note that 
cavitation mixing does not give rise to the reduction in molecular weight average that 
Nakamura129 reported when ultrasound was used to agitate phase transfer polymerisation 
mixtures of capped dichlorotriazines with bisphenols.
It is proposed that a reduction in polymerisation temperature (say to 5 °C) may be useful in 
reducing the rate of hydrolysis of the chlorotriazine functionalities within the polymer and 
may facilitate the production of more reliable materials. In terms of improving the purity of 
the dichlorotriazine monomers, it is proposed that the phase-transfer method published by 
Koryakov157 which uses a dichloromethane/ water system with DMAc as the acid acceptor 
may give higher yields of better purity material without the problems associated with 
hydrolysis.
10.4. F u rth e r Study
10.4.1. Developments in linear triazinyl polymers
All the cyanurate, thiocyanurate and cyanurate-thiocyanurate polymers synthesised in this 
project have shown low emissivity in the 3-5 pm region. Given their other potential benefits 
including: low cost and simplicity of production, it would be logical to investigate how 
effective a number of simple measures might be at eliminating the problem of isomerisation 
which at present prevents their inclusion in the list of viable components for the formulation 
of low-observable IR paints.
Further investigation of the nature of the isomerisation process in methoxy-cyanurates 
would assist the understanding of the nature of the materials quite considerably. Solid state 
NMR and modulated DSC would be invaluable in studying what appears to be quite
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complex thermal changes in the samples (There is circumstantial evidence for at least three 
different processes occurring very close together if not simultaneously close to 200 °C.) 
Various modifications of the polymer system have been directed towards solving the 
isomerisation problem in section 10.3 including modification by changing the alkoxy 
substituent. However, given the lessons learned in the course of the past three years a fresh 
approach to the problem may prove more fruitful. The final section in this thesis forwards 
some alternative solutions to the design of binders for low observable applications other 
than the use of triazine based polymers.
10.4.2. O ther potential solutions
This project has been unsuccessful in producing a material which exhibits low emissivity 
between both 3-5 and 8-12 jim. Poly(ethylene) and a number of copolymers primarily 
aliphatic materials have been shown to have excellent transparency in both atmospheric 
detection windows. Using the new rational for materials selection detailed above, these 
types of material would rank highly as starting points for future research. Poly(ethylene) is 
notoriously difficult to apply as a coating. It is generally insoluble and tends to have poor 
adhesive properties. However, advances in flame spray technology158,159 have permitted a 
wide range of thermoplastic including poly(olefin)s, polyamides, polyesters and high 
performance poly(ketone)s160, to be applied directly as coatings onto a variety of 
substrates. This solution would require a significant change in MOD painting practices and 
poses more technological problems than chemical ones. A recent Japanese patent has made 
claims for the use of thermally sprayed poly(ethylene) in camouflage coatings161.
The two SEBS elastomers presented in chapter 2 introduce an interesting dimension to the 
design of new IR LO binders. They provide an example of a series of terpolymers of three 
monomers with very different transparencies in the 8-12 pm region. Poly(ethylene) and 
poly(butadiene) are both highly transparent between 8 and 12 pm but suffer from poor 
physical properties and resistance to UV radiation. The poly(styrene) on the other hand 
absorbs very strongly between 8 and 12 pm because of the aromatic bands. What is 
interesting to note is that in materials with up to 30% bound styrene acceptable 
transparency is still observed. This implies that copolymerisation of certain level of 
absorbing species is compatible with low emissivity. Data relating to the absolute 
absorption coefficients of different structural repeat units must be established through
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further experiment to assist in this aspect of designing low observable binders. A series of 
model copolymers gradually increasing levels of the strongly absorbing species should 
allow this to be studied quite simply and to develop more exact guidelines for the 
permissible levels of particular functional groups per weight equivalent of polymer.
Density is another factor which has not been considered in this very early research and 
warrants further consideration. The lower the density of a polymer, the less material there 
will be for radiation to interact with per unit thickness. Densities of typical polymeric 
systems can vary from 0.9 g.cm'3 for many polyolefins to as much as 2.30g.cm"3 for PTFE. 
Lower density materials of equivalent chemical composition would be expected to give 
lower emissivities for a given thickness. This should be investigated further.
An ideal solution to the problems would be to devise a low viscosity monomer that could 
be readily cured without heating to give a crosslinked film. The resulting crosslinked 
materials should have similar spectral properties to polyethylene or SEBS but after curing 
should not soften to flow below 200 °C. A wide range of functionalised low to medium 
weight polyolefins are commercially available and given a suitable crosslinking system 
could provide a comparatively straightforward route to materials with reasonable integrity 
and high transparency.
The early literature studies showed very little scope for the use of conventional paint 
crosslinking systems. Epoxies were considered unsuitable because of their IR bands 
between 8 and 12 pm and acrylates were discounted on similar grounds. Crosslinking 
olefins at ambient temperatures used to rely almost exclusively on introducing backbone 
unsaturation and then using radical initiators to induce reticulation. The use of thermal cure 
is prohibited because of the effect it has on aircraft’s avionics and two-pack systems are not 
particularly favourable. This leaves less mainstream forms of initiation such as 
photoinitiation. UV photocuring is considered inappropriate for highly filled thick coatings 
because of the low penetration depth of UV radiation and problems with scattering.
However, the past fifteen years has seen significant advancements in the art of cationic 
photoinitiators. Certain onium salts used in conjunction with suitable proton donors can be 
used to provide rapid cure of a wide range of materials at ambient temperatures162. When 
certain initiators are used with a suitable visible light photosensitisers under strong
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illumination (100 W.cm'1 lamps) depths of cure of epoxy resins greater than 3 mm have 
been reported163. A dark cure after illumination can also continue to increase the crosslink 
density in the coating for up to 24 hours after illumination has been removed. If 
photocuring methods can be accommodated by MOD painting practices a number of 
possibilities lie open for future research. There are a very large number of functional groups 
which can be cured using cationic initiators. The main problem lies in keeping the cure 
chemistry compatible with the requirements for IR transparency. In this project, 
substitution of a C-0 bond by a C-S bond has provided a useful shift in a problematic 
stretching frequency (Chapter 8). Some other sulphur analogue systems seem to offer 
potential solutions to crosslinking of LO paint systems whilst limiting the number of bands 
between 8 and 12 pm.
Whilst cycloaliphatic epoxy groups are reactive to photoinitiated cationic cure, the resulting 
polymers have a considerable number of C-O-C bonds which are undesirable. However 
cycloaliphatic thiiranes would be expected to exhibit similar reactivity. CH2-S-CH2 units 
give the following bands in the infrared: C-H stretches at about 3 pm, a methylene 
deformation between 7.8 and 8.2 pm and a C-S stretch between 14.2 and 17.5 pm These 
appear to be quite promising. Similarly the use of the sulphur analogue to another family of 
cationically active materials, vinyl ethers may be worthy of further investigation. Either 
form of curing could be used in the design of novel monomers or to functionalise high to 
medium molecular weight polyolefins to provide a means of crosslinking. Similar 
technology using cycloaliphatic-epoxide-fiinctionalised silicone oils reported for the 
formation of crosslinked films164.
The choice of proton donor would be an important one. Ordinarily, polyols such as poly- 
THF or poly(caprolactone)s are used in conjunction with onium initiators to provide the 
protons necessary for the formation of the reactive superacid species. These would not be 
suitable for this application because the residual hydroxyl signals and the C-O-C stretches 
could result in increased emissivity in the 3-5 and 8-12 pm regions. Once again C-S-C 
linkages could provide an answer. Thiols give very weak IR bands between 3 and 5 pm and 
as long as the backbone for the monomers and thiols are chosen carefully, the network 
resulting from the cure and the incorporation of dithiol donors should comprise aliphatic 
units linked through C-S-C linkages thus conforming to another of the guidelines listed in
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section 10.3 namely that of simplicity. High to medium molecular weight alkanes would 
seem to be a logical starting point for choice of backbone units for an investigation of 
either system. If aliphatic sulfides are found to be compatible with transparency between 8 
and 12 pm there would be plenty of scope for modification of the polymer and network 
properties by changing the nature of the polymer backbone.
Crosslinked Elastomric or Olefinic network.
Figure 10.2 Possible route to crosslinked elastomeric of or olefinic LO  binders.
This thesis has taken the first steps in investigating the practicalities of tailoring the IR 
properties of organic polymers. Many lessons have been learned and the subject will 
continue to evolve in coming years. There are still no binders reported to have acceptable 
transparency in both atmospheric detection windows. Given the number of recent patent 
applications which require a such a material165’166, there could be very lucrative financial 
rewards for the organisation which solve this particular technological problem.
A unified research effort across a number of disciplines will be essential to accumulate the 
information necessary to allow the rational design of binders with tailored DR. transparency. 
Effective collaboration of chemists, materials scientists, paint technologists and physicists 
will be key in solving the problems which are faced. Whether considering the development
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of novel technologies to allow the use of existing materials or the design of novel 
monomers and polymer systems, the development of coatings which meet the exacting 
requirements of this application will provide an interesting set of research challenges in 
coming years.
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Appendix
_______1. Spectral Simulation data
This appendix contains data acquired in the study of computational methods useful for
predicting the infrared spectra of organic molecules discussed in Chapter 3.
Two types of simulation methods were studied:
1. Fundamental vibrational mode frequencies calculated by a normal coordinate method 
using the FORCE option in MOPAC6.
2. Dipole power spectra obtained calculated by a fast Fourier transform of dipole 
autocorrelation functions calculated from molecular dynamics (MD) trajectories using 
the UFF force-field implemented under the MSI package Cerius2.
Where available, literature data are presented alongside the calculated data.
All of the MD data were acquired for a single molecule using 30000 iterations. Each 
spectrum is presented with the charge equilibration (QEq) update frequency and the 
dynamics timestep (ts) used in the simulation run. The points marked with circles on 
the power spectra correspond to the peaks picked using the selection criteria described 
in chapter 3. The power spectrum study did not focus on units and as a result of the 
data manipulation employed to make the spectra more readable, the units for the peak 
intensities are arbitrary. In certain dipole power spectra it was necessary to include an 
ordinate expanded section to allow significant detail to be presented. The problems 
encountered with the DACF method are discussed fully in chapter 3. The experimental 
IR data presented with the DACF power spectra was reconstructed from data 
presented in the Aldrich IR Spectral Atlas5.
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L I .  Fundam ental V ib ratio nal M odes o f  A rom atic  Com pounds 
C alculated Using P M 3
Table A l.l Fundamental normal modes for benzene calculated using PM3
PM3
Freq.
(cm1) 0
PM3
Wavelength
(pm)
PM3 
Major I.R 
Assignments0
Exp.
HP2
712 14.04 Ar CH oop 671
1068 9.36 Ar C-H ip 1037
1547 6.46 Ar C=C str 1485
3073 3.25 Ar C-H str 3099
Table A1.2 Fundamental vibrational modes of s-triazine calculated using PM3
PM3
Freq.
(cm1)0
PM3
Wavelength
(pm)
Calc. 
Intensity 
(units given 
below)6
PM3 
Major I.R 
Assignments'
Exp;
jR10S,109 Exp.Raman
360 27.77 0 340
360 27.76 0 676
632 15.83 614 ip ring def
632 15.83 614 ip ring def 675
654 15.28 208 CHoop 737
898 11.14 12 CHoop 925
933 10.72 0
933 10.72 0
952 10.50 0
977 10.23 0
1008 9.92 6 CHip 1132 1132
1008 9.92 6 CHip
1076 9.29 0 1174 1176
1235 8.09 0 1278
1433 6.98 864 C=N str 1410 1410
1433 6.98 865 C=N str 1556 1555
1704 5.87 16078
1704 5.87 16079 C=N str 1646
2983 3.35 1333 CH str 3042
2983 3.35 1333 CH str 3070
2990 3.34 0
ip -  in plane, oop = out-of-plane, tor -  torsion str = stretch, ang = angular ring =  ring mode 
Ar = Aromatic, X-sens — substituent sensitive mode
“All IR active modes on grounds o f dipole or by literature assignment are underlined 
b PM3 mode intensities are calculated by multiplying the square o f the transition dipole by the frequency 
and are expressed in Deb2 A '2amii1 
A ll bands assigned from Cerius2 animation
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Table A1.3 Fundamental vibrational modes calculated for chlorobenzene using PM3
PM3
Freq.
(cm1) a
PM3
Wavelength
(pm)
Calc. 
Intensity 
(units given 
belmvf
PM3 
Major I.R 
Assignments'e
Exp.
IR
Exp.
Raman
Literature
Assignment113
173 57.81 0.45 196 X-sens.
289 34.62 2.18 297 297 X-sens.
358 27.96 0.00 400 400 oop ring
409 24.47 48.96 CH oop / ring oop 415 418 X-sens.
446 22.43 36.18 CH oop / ring oop 467 467 X-sens.
628 15.92 0.00 616 ip ring
633 15.79 104.44 CH oop / ring oop 682 oop ring
706 14.15 489.64 ip ring / C-Cl 701 702 X-sens.
768 13.02 364.96 CHoop 740 CHoop
847 11.81 0.00 830 CHoop
931 10.74 54.28 CHoop 902 CHoop
979 10.22 0.00 965 CHoop
992 10.08 675.88 ip ring 985 987 CHoop
1016 9.84 10.84 1003 1002 CHip
1067 9.37 14.35 CHip 1026 1024 CHip
1094 9.14 3.04 1068 CHip
1143 8.75 3.22 1085 1083 X-sens.
1151 8.69 0.04 1157 1157 CHip
1209 8.27 0.01 1174 1175 CHip
1255 7.97 435.80 C=C str / CC1 1271 1263 CH ip
1308 7.64 2.51 1326 1322 C=C str
1536 6.51 379.95 C=C str 1445 1443 C=C str
1545 6.47 1979.55 C=C str 1477 1479 C=C str
1779 5.62 55.99 1580 1583 C=C str
1780 5.62 1459.47 C=C str 1580 1583 C=C str
3056 3.27 16.51 3029 CH str
3059 3.27 7.89 3050 3050 CH str
3066 3.26 683.96 CH str 3052 CHstr
3072 3.26 1460.51 CH str 3071 3067 CH str
3081 3.25 221.80 CH str 3071 CH str
ip =  in plane, oop =  out-of-plane, tor =  torsion str =  stretch, ang = angular ring = rin g  mode 
Ar -  Aromatic, X-sens = substituent sensitive mode
aAll IR active modes on grounds o f dipole or by literature assignment are underlined 
b PM3 mode intensities are calculated by multiplying the square o f the transition dipole by the fi'equency 
and are expressed in Deb2 J f2amu1 
cAll bands assignedfrom Cerius2 animation
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Table A 1.4 Fundamental vibrational modes calculated for o-dichlorobenzene using PM3
PM3
Freq.
(cm1/
PM3
Wavelength
(pm)
Calc. 
Intensity 
(Units given 
below/
PM3 
Major I.R 
Assignmentsc
Exp.
IR
Exp.
Raman112
122 81.48 0.00 154
174 57.22 0.47 203
221 45.06 6.96 241
330 30.30 0.40 333 334
409 24.41 10.83 CH oop / ring oop 427 429
410 24.34 46.75 CHoop 435
472 21.17 0.00 480 480
472 21.15 162.07 ip ring / C-Cl 504
682 14.65 396.87 ip ring / C-Cl 660 660
702 14.23 0.00 695
729 13.71 296.29 ip ring / C-Cl 740
776 12.87 346.79 CHoop 748 752
889 11.24 0.00 830 855
962 10.39 35.24 940 934
1011 9.89 0.00 975
1017 9.83 1116.62 ip ring / C-Cl 1038
1077 9.28 10.06 CHip 1041
1123 8.90 10.83 CHip 1129 1130
1148 8.71 0.81 1130
1185 8.43 0.10 1159 1162
1274 7.84 696.38 C=C str /C-Cl 1252
1313 7.62 0.23 1276 1276
1526 6.55 1286.47 C=C str 1438
1539 6.49 2965.40 C=C str 1458 1468
1772 5.64 499.87 C=C str 1576 1575
1773 5.64 891.54 C—C str 1576 1575
3055 3.27 38.39 CH str
3059 3.27 161.72 CH str 3072 3070
3067 3.26 1368.91 CH str 3072 3070
3078 3.25 635.60 CH str
ip — in plane, oop = out-of-plane, tor = torsion str -  stretch, ang -  angular ring = ring mode 
Ar -  Aromatic, X-sens = substituent sensitive mode
aAll IR active modes on grounds o f dipole or by literature assignment are underlined
b PM3 mode intensities are calculated by multiplying the square o f the transition dipole by the frequency
and are expressed in Deb2.A'2 amu1.
cAll bands assignedfrom Cerius2 animation
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Table A I.5  Fundamental vibrational modes calculated for /n-dichlorobenzene using PM3
PM3
Freq.
(cm1) 0
PM3
Wavelength
(pm)
Calc. 
Intensity 
(Units given 
below)6
PM3 
Major I.R 
Assignmentsc
Exp.
IR
Exp.
Raman111
157 63.46 0.82 176
183 54.64 0.00 198
193 51.57 5.08 212
354 28.22 0.61 364 336
393 25.40 57.49 ip ring 397 399
396 25.22 16.69 CHoop 428
421 23.72 39.51 ip ring 430
529 18.88 0.00 531
631 15.84 162.50 CHoop 663 663
672 14.87 94.36 C-Cl / ip ring 674
774 12.91 2405.25 C-Cl / ip ring 775 778
810 12.33 212.02 CHoop 784
927 10.79 0.00 869
934 10.70 174.16 CHoop 896 891
1004 9.96 42.73 CHoop 966
1004 9.96 570.61 ip ring 1000 999
1073 9.31 19.43 CHip 1068
1098 9.10 0.51 1079
1145 8.73 8.47 CHip 1127 1124
1195 8.36 4.93 1161 1161
1277 7.83 473.23 C=C str/C-Cl 1258 1250
1314 7.61 27.71 C-C str 1330 1340
1529 6.54 1113.72 C=C str 1412 1411
1538 6.50 3628.26 C=C str 1464
1772 5.64 943.41 C=C str 1580 1576
1774 5.64 4550.75 C=C str 1580 1576
3055 3.27 0.04 CH str 3074
3064 3.26 966.48 CH str
3064 3.26 937.79 CH str 3071
3076 3.25 621.84 CH str 3095
ip — in plane, oop — out-of-plane, tor — torsion str =  stretch, ang — angular ring = ring mode 
Ar = Aromatic, X-sens = substituent sensitive mode
aAll IR active modes on grounds o f dipole or by literature assignment are underlined 
b PM3 mode intensities are calculated by multiplying the square o f the transition dipole by the frequency 
and are expressed in Deb2 A '2 amu1 
A ll bands assigned from Cerius2 animation
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Table A1.6 Fundamental vibrational modes calculated for /7-dichlorobenzene using PM3
PM3 
Freq. 
(cm'1/
PM3
Wavelength
(pm)
Calc. 
Intensity 
(Units given 
below/
PM3 
Major I.R 
Assignmentsc
Exp.
IR
Exp.
Raman110
94 106.47 0.45 125
217 46.09 10.38 226 226
279 35.90 0.00 298
322 31.07 0.00 328
347 28.81 0.00 350
360 27.77 0.00 407 410
492 20.31 165.47 CH oop / ring oop 485 485
529 18.89 534.26 C-Cl 550
640 15.63 0.00 626
664 15.07 0.00 687
755 13.24 0.00 747
845 11.83 0.00 815
862 11.61 490.70 CHoop 819
979 10.21 0.00 934
993 10.07 0.00 951
1007 9.94 1705.96 CHip 1015
1070 9.35 230.57 CHip 1090
1112 8.99 3.96 1096
1138 8.79 0.00 1107
1197 8.35 0.00 1169
1277 7.83 0.00 1221
1314 7.61 19.53 1290
1524 6.56 401.01 C=C str 1394
1542 6.48 5133.38 C=C str 1477 1475
1772 5.64 0.00 1574
1775 5.63 0.00 1574
3057 3.27 0.02 3065
3059 3.27 594.86 CHstr 3070
3070 3.26 1859.30 CHstr 3090
3074 3.25 0.00 3090
ip -  in plane, oop =  out-of-plane, tor — torsion str ~ stretch, ang — angular ring =  ring mode 
Ar -  Aromatic, X-sens = substituent sensitive mode
aAll IR active modes on grounds o f dipole or by literature assignment are underlined 
b PM3 mode intensities are calculated by multiplying the square o f the transition dipole by the frequency 
and are expressed in Deb2A '2amu'1 
cAll bands assignedfi'om Cerius2 animation
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Table A1.7 Fundamental vibrational modes calculated for 1,2,4-trichlorobenzene using PM3
PM3 
Freq. 
(cm1)*
PM3
Wavelength
(pm)
Calc 
Intensity 
(Units given 
below/
PM3 
Major I.R 
Assignments'2
Exp.
IR
Exp.
Raman113
88 113.78 0.32 117
159 62.77 1.03 183
173 57.93 0.13 197
205 48.88 5.60 211
290 34.51 3.29 306
320 31.22 0.11 305 328
391 25.60 18.40 396 398
412 24.24 53.16 ring twist / CH oop 435
440 22.72 17.63 ring twist / CH,CC1 wag 456 459
553 18.08 597.37 CH ip / ring def 551 550
555 18.01 89.91 CH oop / ring twist 576 575
695 14.39 269.12 CH ip / ring def 679 677
701 14.26 11.98 CHoop 688
798 12.53 1005.42 CH ip / ring def 811
853 11.72 221.37 CHoop 817 816
935 10.69 166.74 CHoop 869
988 10.12 4.19 942
1027 9.73 1959.68 C^C ang 1036 1036
1080 9.26 120.07 CH ip wag 1096 1096
1128 8.86 3.59 1132 1131
1178 8.49 6.29 1156 1156
1295 7.72 177.83 C=C ring br / C-Cl 1245 1247
1320 7.57 36.87 1267 1264
1516 6.60 1843.84 C=C ang 1377 1371
1536 6.51 6647.46 C=C ang 1461
1765 5.67 824.65 C=C str 1562
1769 5.65 1166.96 C=C str 1571 1570
3056 3.27 263.43 CH str 3072
3061 3.27 1045.21 CHstr 3072
3070 3.26 837.93 CH str 3094
ip — in plane, oop — out-of-plane, tor -  torsion str = stretch, ang = angular ring =  ring mode 
Ar = Aromatic, X-sens = substituent sensitive mode
aAll IR active modes on grounds o f dipole or by literature assignment are underlined 
b PM3 mode intensities are calculated by multiplying the square o f the transition dipole by the frequency 
and are expressed in Deb2A '2amu1 
cAll bands assigned from Cerius2 animation
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Table A1.8 Fundamental modes calculated for 1,3,5-trichlorobenzene using PM3
PM3
Freq.
(cm1)*
PM3
Wavelength
(pm)
Calc. 
Intensity 
(Units given 
below)6
PM3 
Major I.R 
Assignments'c
Exp.
IR
Exp.
Raman113
132 75.58 0.40 90
183 54.55 0.00 212
183 54.53 0.00
184 54.27 2.21 242
184 54.26 2.19 352
370 27.02 0.00 398 400
421 23.76 48.88 C-Cl ip / ring def 486 492
421 23.76 49.00 C-Cl ip / ring def 500
424 23.57 0.01 513 516
530 18.86 0.00 524
530 18.86 0.00 697
627 15.95 197.59 CHoop 737 738
788 . 12.70 3160.13 C-Cl str 773 111
788 12.70 3163.40 C-Cl str 791
924 10.82 0.00
924 10.82 0.00 896 896
954 10.48 624.56 CHoop 963
1011 9.89 0.00 1049 1050
1088 9.19 2.94 1087 1088
1088 9.19 2.99 1161 1161
1183 8.45 0.00 1196 1192
1300 7.69 0.00 1260 1261
1321 7.57 0.00
1528 6.55 4133.59 C=Cang 1416
1528 6.55 4137.72 C=C ang 1436
1768 5.66 6286.91 C=C str 15 66 1566
1768 5.66 6292.98 C=C str 1566 1566
3062 3.27 1272.51 CHstr 3060
3062 3.27 1269.36 CH str 3060 3072
3066 3.26 0.00 CHstr 3072
ip =  in plane, oop = out-of-plane, tor =  torsion str = stretch, ang = angular ring = ring mode 
Ar =  Aromatic, X-sens = substituent sensitive mode
“All IR active modes on grounds o f dipole or by literature assignment are underlined
b PM3 mode intensities are calculated by multiplying the square o f the transition dipole by the frequency
and are expressed in Deb2 A '2amu1
A ll bands assigned from Cerius2 animation
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Table A1.9 Fundamental vibrational modes for 1/,4,5-tetrachIorobenzene calculated using 
PM3
PM3
Freq.
(cm1)*
PM3
Wavelength
(pm)
Calc. 
Intensity 
(Units given 
below/
PM3 
Major I.R 
Assignments0
Exp.
IR
Exp.
Raman113
63 157.83 0.00 80
125 79.79 0.29 140
166 60.19 0.00 190
180 55.41 0.00 209
197 50.64 0.00 218
210 47.68 2.85 225
304 32.90 0.00 312
348 28.77 0.00 348
352 28.42 0.00 352
419 23.87 82.55 CH oop / oop ring 442
470 21.25 202.90 C-Cl ip / ip ring 510
488 20.49 0.00 511
626 15.96 1872.30 C-Cl ip / ip ring 600
645 15.51 0.00 645
710 14.09 0.00 681
710 14.08 0.00 684
839 11.92 0.00 860
928 10.77 313.66 CHoop 868
947 10.56 0.00 878 885
1046 9.56 4778.79 ip ring 1063
1083 9.23 91.41 CHip 1118 1106
1166 8.57 0.00 1165
1315 7.61 0.00 1226
1325 7.55 1.27 1240
1503 6.65 4054.73 C=C str 1327
1531 6.53 10074.12 C=C str 1448
1757 5.69 0.00 1549
1763 5.67 0.00 1566
3058 3.27 1622.65 CHstr 3070
3059 3.27 0.01 3094
ip -  in plane, oop =  out-of-plane, tor -  torsion str =  stretch, ang =  angular ring =  ring mode 
Ar = Aromatic, X-sens = substituent sensitive mode
aAll IR active modes on grounds o f dipole or by literature assignment are underlined 
b PM3 mode intensities are calculated by multiplying the square o f the transition dipole by the frequency 
and are expressed in Deb2.A'2amu1 
cAll bands assignedfrom Cerius2 animation
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Table A1.10 Fundamental vibrational modes for pentachlorobenzene calculated using PM3
PM3
Freq.
(cm1/
PM3
Wavelength
(pm)
Calc. 
Intensity 
(Units given 
below/
PM3 
Major I.R 
Assignmentsc
Exp.
IR
Exp.
Raman113
64 157.41 0 80
77 130.46 5 95
137 72.79 177 152 147
168 59.49 3 200
174 57.62 0 215
185 53.98 6 215
199 50.16 9 225
256 39.03 997 CHoop 272 270
308 32.49 28 320
334 29.92 26 343
350 28.60 0 344
372 26.87 1 387
536 18.67 831 CHoop 526
536 18.64 7465 ip ring / C-Cl 556
543 18.43 1164 ip ring/C-Cl 563 562
643 15.55 0 597
647 15.46 41673 C-Cl sn­ 683 687
777 12.86 687 oop ring 701
804 12.44 23991 ip ring 823 823
844 11.84 222 863
937 10.67 1845 CHoop 868
1061 9.42 11636 ip ring 1087 1086
1127 8.87 464 CHip 1169 1166
1329 7.52 15 1198
1330 7.52 169 1235
1501 6.66 68126 C=C str 1338
1515 6.60 84646 C=C str 1398 13 99
1751 5.71 11792 C=C str 1528 1523
1754 5.70 1065 C=C str 1559 1554
3058 3.27 2990 CH str 3069 3065
ip =  in plane, oop = out-of-plane, tor = torsion str = stretch, ang =  angular ring = ring mode 
Ar =  Aromatic, X-sens -  substituent sensitive mode
aAll IR active modes on grounds o f dipole or by literature assignment are underlined
b PM3 mode intensities are calculated by multiplying the square of the transition dipole by the frequency
and are expressed in Deb2.A 2amu1
cAll bands assigned from Cerius2 animation
A l.l  Fundamental Vibrational Modes o f Aromatic Compounds Calculated Using PM3
Appendix A l l
Table A l . l l  Fundamental vibrational modes for hexachlorobenzene calculated using PM3
PM3
Freq.
(cm1)*
PM3
Wavelength
(pm)
Calc. 
Intensity 
(Units given 
below)6
Major I.R 
Assignments"
Exp.
IR
Exp. 
Raman113
64 157.04 0 80 79
64 156.96 0 97
88 113.57 0 209
159 62.94 24 ring def 218
170 58.74 0 219
170 58.74 0 230
176 56.68 0 323
195 51.33 1 340
195 51.33 1 369
310 32.24 0 372
310 32.24 0 594
348 28.77 0 630
348 28.77 0 699
368 27.16 0 704
378 26.49 0 870
613 16.32 0 1108
641 15.60 0 1210
641 15.59 0 1224
652 15.33 3119 C-Cl str / ip ring 1350
652 15.33 3110 C-Cl str / ip ring
815 12.27 0
852 11.73 0
852 11.73 0
1074 9.31 0
1335 7.49 0
1345 7.43 0
1498 6.68 20452 C=C str 1512 1512
1498 6.67 20410 C=C str
1744 5.73 0
1744 5.73 0
ip = in plane, oop -  out-of-plane, tor = torsion str =  stretch, ang =  angular ring -  ring mode 
Ar = Aromatic, X-sens = substituent sensitive mode
“All IR active modes on grounds o f dipole or by literature assignment are underlined 
b PM3 mode intensities are calculated by multiplying the square o f the transition dipole by the frequency 
and are expressed in Deb2 .A’2 amu1 
A ll bands assigned from Cerius2 animation
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Table A1.12 Fundamental vibrational modes for diphenyl ether calculated using PM3
PM3 
Freq. 
(cm1)*
PM3
Wavelength
(pm)
Calc.
Intensity
(Units
below/
PM3 
Major I.R 
Assignments0
Exp.
IR
Exp.
Raman
Lit.
Assignment114
84 118.84 0.24 102 ring-O-ring
195 51.36 6.19 CHoop 220 222 X-sens
218 45.89 0.10 230 X-sens
328 30.49 0.20 245 247 X-sens
359 27.84 0.91 253 X-sens
362 27.61 0.25 288 torsion ?
373 26.78 53.67 ring-O-ring ang 312 314 X-sens
458 21.83 25.64 316 X-sens
469 21.32 59.95 ring oop 396 391 oop ring
569 17.56 0.85 412 418 X-sens.
606 16.49 16.05 ring oop 478 oop ring
627 15.94 6.17 481 485 X-sens
629 15.89 4.67 498 503 X-sens
632 15.83 115.52 CHoop 563 568 X-sens
678 14.76 86.42 CHoop 602 607 C=C=C ang
773 12.94 574.28 CHoop 616 618 C=C=C ang
779 12.83 162.93 CHoop 690 CH oop / ring oop
842 11.88 0.85 698 CH oop / ring oop
847 11.81 0.12 749 751 CHoop
855 11.69 69.94 ip ring def / CH oop 798 801 X-sens
905 11.05 147.30 ip ring def 824 828 CHoop
926 10.80 139.46 CHoop 866 868 CHoop
942 10.62 63.94 CHoop 894 903 CHoop
973 10.28 2.33 904 CHoop
976 10.25 0.16 961 955 CHoop
1011 9.89 51.12 CHoop 979 973 CHoop
1013 9.88 19.31 CHoop 1003 1005 ring deformation
1040 9.61 11.43 1023 1024 CHip
1052 9.51 68.06 CHip 1072 1078 CHip
1101 9.08 1.74
1101 9.08 1.56
1117 8.95 8.49
ip =  in plane, oop =  out-of-plane, tor = torsion str = stretch, ang — angular ring — ring mode 
Ar =  Aromatic, X-sens = substituent sensitive mode
aAll IR active modes on grounds o f dipole or by literature assignment are underlined 
b PM3 mode intensities are calculated by multiplying the square o f the transition dipole by the frequency 
and are expressed in Deb2.A~2amul 
CAU bands assignedfrom Cerius2 animation
Table continued on the next page...
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Table A1.12 Fundamental vibrational modes for diphenyl ether calculated using PM3 contd.
PM3
Freq.
(cm1/
PM3
Wavelength
(pm)
Calc.
Intensity
(Units
below/
PM3 
Major I.R 
Assignments'2
Exp.
IR
Exp.
Raman
Lit
Assignment115
1132 8.83 255.65 CHip 1153 1157 CHip
1152 8.68 4.06
1152 8.68 0.23
1154 8.66 0.07
1155 8.66 27.64 CHip 1164 1163 CHip
1220 8.20 7.48 1174 CHip
1225 8.17 2.72
1298 7.70 588.06 C=C str 1198 1200 X-sens (see text)
1313 7.62 332.99 C=C str 1236 1240 X-sens (see text)
1361 7.35 51.86 C-O-C def (X-sens) 1284 CHip
1386 7.21 3294.73 C-O-C def (X-sens) 1294 CHip
1542 6.49 202.91 C=C str 1330 C C  sp-
1557 6.42 343.57 C=C str 1333 1335 C C  sP-
1577 6.34 11027.95 C=C sU- 1455 1457 C C  sp-
1597 6.26 676.00 C C  str 1487 1491 C C  sp-
1771 5.65 495.86 C=C sp­ 1585 1585 C C  s p -
1783 5.61 7038.60 ec sti- 1591 1593 C C  str
1785 5.60 406.96 C C  str 1593 1597 C C  s p -
1792 5.58 478.63 C C  str 1600 1601 C C  str
3055 3.27 1.80 CHstr
3055 3.27 150.29 CH str
3057 3.27 26.44 CHstr 3015 3016 CHstr
3057 3.27 24.43 CHstr 3027 CHstr
3065 3.26 15.50 CHstr 3040 3067 CHstr
3065 3.26 1132.40 CHstr 3068 CHstr
3071 3.26 1096.26 CH str 3075 CHstr
3071 3.26 1834.87 CH str 3089 CHstr
3081 3.25 702.14 CHstr
3081 3.25 27.86 CHstr
ip = in plane, oop =  out-of-plane, tor = torsion str — stretch, ang — angular ring = ring mode 
Ar = Aromatic, X-sens =  substituent sensitive mode
aAll IR active modes on grounds o f dipole or by literature assignment are underlined
b PM3 mode intensities are calculated by multiplying the square o f the transition dipole by the frequency
and are expressed in Deb2A '2amuml
cAll bands assignedfrom Cerius2 animation
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Table A1.13 Fundamental vibrational modes for diphenyl sulphide calculated using PM3
PM3
Freq.
(cm1)*
PM3
Wavelength
(pm)
Calc.
Intensity
(Units
below)6
PM3 
Major I.R 
Assignments"
Exp.
IR
Exp.
Raman
Lit.
Assignment1S
75 132.12 0.03 80 ring-S-ring ?
161 62.11 3.77 103 torsional ?
186 53.52 1.05 184 182
238 41.92 8.08 C-S-C ang 214 213 X-sens.
262 38.09 4.57 269 270 X-sens.
352 28.38 2.37 279 oop ring
361 27.64 0.86 401 oop ring
415 24.07 14.48 oop ring 412 412 X-sens.
443 22.53 52.55 oop ring 445 X-sens.
448 22.28 1.27 466 441 X-sens.
496 20.14 17.66 oop ring
625 15.98 5.11 519 513 X-sens.
627 15.94 0.21 617 616 ip ring mode
635 15.73 196.47 CHoop
650 15.38 62.71 CHoop
713 14.01 3.20 688 ring oop
725 13.78 206.17 C=C ring ip 701 696 X-sens.
766 13.04 532.43 CHoop 738 CHoop
773 12.94 97.37 CHoop 749 744 CHoop
843 11.86 1.19 840 837 CHoop
852 11.74 0.00 CHoop
932 10.74 49.67 CHoop 900 CHoop
942 10.64 3.31 917 CHoop
975 10.25 3.24 968 CHoop
981 10.19 0.18 985 CHoop
995 10.04 410.87 CH ip / ring def 1002 999 CHip /ring mode
996 10.03 63.39 CH ip / ring def
1016 9.84 3.69 1026 1026 CHip
1018 9.82 0.12 1070 CHip
1072 9.32 0.55 1083 X-sens
1075 9.30 1.31
1093 9.15 2.07
1096 9.12 0.38 1095 X-sens
ip = in plane, oop = out-of-plane, tor = torsion str -  stretch, ang ~ angular ring = ring mode 
Ar = Aromatic, X-sens — substituent sensitive mode
A ll IR active modes on grounds o f dipole or by literature assignment are underlined 
b PM3 mode intensities are calculated by multiplying the square of the transition dipole by the frequency 
and are expressed in Deb2A '2amu1 s 
A ll bands assigned from Cerius2 animation
Table continued on the next page..
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Table A1.13 Fundamental vibrational modes for diphenyl sulphide calculated using PM3 
contd.
PM3
Freq.
( a n y
PM3
Wavelength
(pm)
Calc.
Intensity
(Units
below/
PM3 
Major I.R 
Assignments0
Exp.
IR
(cm1)
Exp.
Raman
(cm1)
Lit
Assignment115
1146 8.72 18.20 CH ip scis 1159 CHip
1148 8.71 0.19 1153 CHip
1150 8.69 0.09 1180 CHip
1151 8.69 0.00 1180 CHip
1208 8.28 0.17
1211 8.25 0.76 1273 CHip
1257 7.96 127.28 C-S / ip ring
1260 7.93 92.26 C-S / ip ring 1274
1302 7.68 135.01 C=C str 1329
1306 7.66 11.01 1326 C=C str
1524 6.56 295.63 C=C str
1533 6.52 846.47 C=C str 1444 C=C str
1546 6.47 2202.60 C=C str 1478 C=C str
1548 6.46 534.91 C=C str 1442 C=C str
1765 5.66 6.85 1478 C=Cstr
1772 5.64 30.92 1584 C=C str
1779 5.62 979.49 C=C str 1582 C=C str
1780 5.62 123.06 C=C SU­
3040 3.29 92.49 CH str
3041 3.29 656.26 CH str
3045 3.28 348.77 CH str
3045 3.28 336.73 CHstr
3058 3.27 88.29 CHstr
3058 3.27 131.45 CHstr
3066 3.26 1011.04 CHstr 3058 CHstr
3066 3.26 1047.30 CHstr
3078 3.25 962.78 CHstr 3070 CHstr
3079 3.25 232.68 CHstr
ip =  in plane, oop -  out-of-plane, tor =  torsion str — stretch, ang = angular ring -  ring mode 
Ar =  Aromatic, X-sens = substituent sensitive mode
aAll IR active modes on grounds o f dipole or by literature assignment are underlined 
b PM3 mode intensities are calculated by multiplying the square of the transition dipole by the frequency 
and are expressed in DeVA^amu1 
A ll bands assignedfrom Cerius2 animation
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Figure A l.l Dipole power spectra from MD analysis of benzene using UFF
A1.2 Dipole Power Spectra o f Organic Compounds using UFF
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Figure A I.2  Dipole power spectra of o-dichlorobenzene from MD trajectories using UFF
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Figure A1.3 Dipole power spectra of m-dichlorobenzene from MD trajectories using UFF
A1.2 Dipole Power Spectra o f Organic Compounds using UFF
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Figure A1.4 Dipole power spectra of /7-dichIorobenzene from MD trajectories using UFF
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Figure A1.5 Dipole power spectra of i,3,5-trichIorobenzene from M D trajectories using UFF
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Figure A1.6 Dipole power spectra of /,2,/5-tetrachIorobenzene from M D trajectories 
using UFF
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Figure A1.8 Dipole power spectra of s-triazine from M D trajectories using UFF
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